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PREFACE. 



When the original Dutch edition of this book appeared in 
1898, no text-book of inorganic chemistry existed in which the 
modern views, introduced in this science by van't IIoff, Ost- 
WALD, Arrhenius, and others, were sufficiently regarded. As I 
wanted such a book as a guide for my lectures, I undertook to write 
one. It was my aim to use these modern theories as a basis, 
applying them constantly for the explanation of the facts commu- 
nicated, and so illustrating these theories at the same time by many 
examples. In order to accomplish this in the most practical way, 
I judged it best to insert in suitable places short theoretical chap- 
tera to which reference could thereafter be made. 

In 1900 a German edition of this book appeared; and now the 
book is rendered into English by the painstaking work of Dr. 
Cooper. This translation is based on the original Dutch edition 
as well as on Dr. Manchot's German version of it; however, the 
book, as it stands, is completely revised and supplied with many 
additions by the author. I am indebted to Dr. Cooper also for 
a number of improvements especially adapting the book to the use 
of American and English students. 

A. F. HOLLEMAN. 

Grokinoex (Netheklands), 
January, 1902. 
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NOTE. 



Eeferexces in the text to "Organic Chemistry" refer to 
Ilolleman's Organic Chemistry, which is soon to appear in English 
as a companion to this book. 

It is perhaps worthy of note that the entire proof has been 
carefnlly read by tlie author. 

Tlie Transhitor is under obligations to Prof. A. A. Noyes of 
the Massachusetts Institute of Technolog}', Prof. II. N. McCoy of 
Chicago University, Mr. C. M. Hall of tlie Pittsburgh Reduction 
Company, and Dr. F. A. Saunders of Syracuse University for the 
kindly criticism of special passages, and particularly to his col- 
league Prof. 11. M. Smith for constant and valuable advice through- 
out the preparation of the work. 

II. C. Cooper, 

Syracui^e, N. v., March, 1902. 
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INORGANIC CHEMISTRY. 



IBTTEODXrCTIOK. 

1. Chemistry is a branch of the natural sciences, — the sciences 
vhich deal with the things on the earth and in the outside universe. 
The knowledge of these things is obtained by observation with 
our senses, this being the only means we possess. It is well to 
understand, therefore, that we know not the things themselves, 
but simply the impression which they make upon our sense-organs. 
When we see an object, we perceive, in reality, only the effect on 
our retina; if we feel the object, it is not the body itself but the 
excitement of the sensory nerves of touch in our fingers that we are 
made aware of. Hence it may be fairly asked whether the objects 
of which we are cognizant are really just as we perceive them, or 
whether they even exist at all outside of our person. The natural 
sciences leave this problem out of consideration —its solution is the 
task of speculative philosophy. In reality they are not concerned 
with the objects, which in themselves we cannot know, but with 
the study of the sensations that we receive. The sensations take 
the place of the objects, and we regard them as such. 

2. The Scientific Investigation of Things. — What is to be 
understood by the term ? In the first place, a most accurate 
description of 'the objects. As a result it is found that many 
resemble each other to a greater or less degree, and it is therefore 
possible to make a classification, i.e. an arrangement of like 
objects into groups and a separation of the various groups from 
each other. By the descriptive method we are finally able to divide 
the natural sciences into Zoology, Botany, Mineralogy and As- 
tronomy. 

3. In the second place, scientific investigation includes the 

1 
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2 INORGANIC CHBMI8TBT. 

study of the relations which the objects bear to each other; in other 
words, the study oi phenomena. The heavenly bodies move towards 
each other; water turns to ice on cooling; wood burns when 
heated. It is the task of the natural sciences to accurately observe 
and describe such phenomena, i.e. to ascertain in what way the 
heavenly bodies change their relative positions, what conditions 
affect the freezing of water, what becomes of the burning wood, 
under what conditions it can burn, etc. 

The description of the phenomena leads to a different division 
of the natural sciences than the description of objects, viz., a divi- 
sion into PhysicSy Chemi^ry and Biology , the latter being the study 
of vital processes, and including Physiology, Pathology and Thera- 
peutics. 

4. The human mind, in pursuing the scientific study of nature, 
does not feel contented with the accurate description of objects and 
phenomena; it seeks also for an explanation of the latter. The 
various attempts at explanations constitute the most important part 
of science. When, for instance, we see that a ray of light in pass- 
ing through a piece of Iceland spar is split up into two other rays of 
different properties, we strive to account for the phenomenon. 
When copper is heated in the air, it turns into a black powder; 
the question again arises, why this thing is so. In searching for an 
explanation of the phenomena we thus endeavor to penetrate 
deeper into the essence of things than is possible by direct obser- 
vation. Although the phenomena themselves are found to be 
unchangeable, our explanation of them may be modified as our 
knowledge increases. The transformation of copper into a black 
powder on heating in the air was formerly explained by the suppo- 
sition that something left the metal; subsequently, when the 
phenomena was better understood, by assuming that the copper 
takes up something from the air. 

Scientific investigation pursues in general, then, the following 
course : A phenomenon is observed and studied as carefully as 
possible. Thereupon we seek to give an explanation for it. A 
hypothesis is set up. From this we can form conclusions, some of 
which can be tested by experiment. If the latter really leads to 
the expected result, the hypothesis gains in probability. If it is 
subsequently found to explain and link together a whole series of 
phenomena, it becomes a theory. 
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PHTSICAL AND CHEMICAL PB0CE88E8. 3 

The nineteenth century was an era of great prosperity for 
scientific inquiry. For numerous phenomena explanations have 
been found which possess a great degree of probability. Still it 
cannot be denied that the present theories penetrate only a little 
into the real essence of things, and the investigator very soon 
stumbles upon questions whose explanation does not at present 
even seem to bo a possibility. The chemical process that goes on 
when copper — to retain our former example — ^is heated- in the 
air is well known. However, the deeper question, why the action 
takes place just so and not otherwise, or why the resulting 
powder is black, still awaits a satisfactory answer. 

6. We obseiTed in the preceding paragraph that the natural 
phenomena are found to be unchangeable. The movement of the 
planets, for example, still takes place in the same manner as in the 
times of the Ptolamtes; whenever water turns to ice the same 
increase of volume is to be observed; the crystal form of common 
salt, whenever and wherever examined, is invariably the same; from 
the burning of wood the same products are always obtained ; the 
microscopic structure of the leaves of one and the same plant 
is never found to vary. This general principle finds its expression 
in the phrase, constancy of natural johenomena. Every one is con- 
vinced of its truth, and it is tacitly accepted as the basis of every 
natural scientific investigation. If, for example, one has measured 
the angles which the faces of a soda crystal form with each other, 
he considers it certain that all soda crystals must show the same 
angles, at whatever time or place they may be measured. If it has 
once been determined that pure alcohol boils at TS*', it is forthwith 
assumed that this must be the case with all alcohol', no matter how 
it may be obtained or when and where it may be tested. 



PHYSICAL Am) CHEMICAL PBOCESSES. 

6. It was stated above (§ 3) that the description of phenomena 
leads to a division of the natural sciences into Physics, Chemistry 
and the study of vital processes (Biology). In defining the province 
of Chemistry Biology may be left out of consideration ; however 
it is desirable to compare the field of Chemistry with that of Physics. 
In general it may be said that Physics deals with the temporary, 
Chemistry with the lasting, changes of matter. By matter or sub* 
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4 INORGANIC CHEMIBTRT, 

sta7ice we understand the objects without reference to their form. 
Iron, marble, sand and glass are substances, independent of their 
external shape. 

A couple of illustrations may make this conception of temporary 
and lasting changes clear : 

(a) A platinum wire glows when held in a colorless gas-flame. 
On removal it cools off and no change is visible. This is a physical 
process; tlie change, the glowing, is of a temporary sort. So soon 
as its cause was removed, tlie wire resumed its original condition. 
Wlien some magnesium wire is held in the flame, it burns with 
the emission of a brilliant light and turns into a white powder, 
which is wholly different from the substance magnesium. Here a 
lasting change has occurred ; we have to do with a chemical process. 

{b) Again, we may take two white crystallized substances, naph- 
.thalene_And caae-&ugar, and heat each separately in a I'etort with 
receiver. The naphthalene at first melts ; on continued heating it 
begins to boil, then distills over and condenses in the receiver. The 
distilled naphthalene resembles the undistilled in every respect. The 
substance has, as a result of heating, undergone physical changes — 
melting, change to vapor and finally return to the solid state. The 
cane sugar behaves differently, llere also a melting is observed at 
first, but soon the sugar turns darker ; a brownish liquid distills 
over ; a peculiar odor is noticeable and at last there remains in the 
retort a charred, porous mass. The cane sugar suffers a lasting 
change on being heated. In this case we have a chemical process. 

(c) As a third and last example we may consider the conduct of 
a metallic wire on the one hand and that of acidulated water on 
the other, when* an electric current passes through both. The wire 
possesses otlier properties so long as the current is on. If the latter 
ceases, the wire returns to its original condition. This is a physical 
process. In the acidulated water, however, the current induces 
an evolution of gas, and this gas arising from the water has 
entirely different properties than the water. A lasting change in 
the substance has occurred ; a chemical process has taken place. 

A sharp distinction between physical and chemical processes is. 
quite often — as will be seen later — very difficult to make. 
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CHEMICAL OPERATIONS. 



GHEMIGAL OFEBATIOHS. 



7. In order to avoid repetitions it seems advisable at this point 
to describe briefly some of the commonest chemical operations. 

Solution. — When sugar, salt or saltpetre, for example, is put 
into water, the solid substance is seen to disappear and its taste is 
found to be taken on by the water. The substance has dissolved 
in the water. There is a definite limit to solubility, for, if the 
temperature is kept constant and more of the substance is gradually 
added, a point is finally reached when the water will take up no 
more. The solution is then saturated. The solubility of most 
solids increases with the temperature. Moreover it is very different 
with different substances, varying all the way from solubility in all 
proportions to imperceptible solubility. Thus cane sugar is dis- 
solved in large quantity by water, while sand is practically insolu- 
ble in it. LicLuids fian be either miscible in all proportions (water 
and alcohol) or only partially soluble in each other. When, for 
instance, water is shaken with a sufficient quantity of ether and 
allowed to stand, two liquid layers are formed ; the water has dis- 
solved some ether and the ether some water. In most cases the 
solubility of liquids in each other also increases with the temperature. 
In the case of gases solubility decreases with rising temperature. 

A difference in the solubility of two substances can often be 
made use of in separating them. Suppose, for instance, it is desired 
to isolate both ingredients from a mixture of salt and sand ; we 
can add some water, which will dissolve only the salt. The neit thing 
is to separate this solution from the sand. The process by which this 
is accomplished is called filtration. 

A circular piece of unsized paper is so folded as to fit into a 
funnel. This paper cup, called the filter, holds back the solid 
matter, sand in this case, and lets the solution pass through. 

Decantation is another but less perfect method of accomplishing 
this separation. In decanting, i.e. pouring off, a little of the solid 
is very likely to be carried along by the liquid. It is evident that 
neither method serves for a complete separation. The latter is 
accomplished by 

Washing. — The sand is washed by pouring pure water upon it 
till the filtered liquid {filtrate) contains no more salt. It now only 
remains necessary to regain the salt in the solid condition. 
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Crystallization. — The filtrate is then wanned ta concentrate it by 
evaporation of the water. After the solution has become saturated^ 
if the evaporation is continued, the salt begins to separate out in 
crystals. Many substances, e.g. saltpetre, are much more soluble 
in hot than in cold water. Therefore^ a solution, that- ia saturated 
when warm must deposit saltpetre on cooling. 

Distillation (Fig. 1). — This operation is frequently made use of 
when one is working with liquids. The liquid is placed in a flask 
or a retort and heated to boiling. The escaping vapor is cooled to, 




Fig 1. — Distillation. 

a liquid in a condenser. The latter consists of a sufficiently wide 
tube encased in a jacket, through which water flows to keep the 
inner tube cold. The condensed liquid is collected in the receiver. 

It is readily seen how volatile substances can be separated from 
non-volatile ones by distillation, e.g. water from salt, since the 
former distill over and the latter remain in the distilling flask. 
However, liquids of different volatility can also be separated in this 
manner. Take, for example, a mixture of alcohol and water. The 
more volatile constituent, alcohol, passes over for the most p^rt in 
the early stage of the operation; towards the end the less volatile, 
water. If the two distillates are collected separately an approxi- 
mate separation results. A few repetitions of this so-called frac- 
tional distillation bring about a practically complete separation in 
many cases. 

Sublimation. — Certain solids, e.g. camphor, when heated (at 
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THE ELEMENTS. 7 

ordinarj pififiaure)^ turn to vapor without melting. If this Vapor 
comes in contact with a cold surface, the substance is deposited in 
the solid^ crystallized state. It is evident that we have here another 
method of separating some substances. 

THE ELEMENTS. 

8. When a substance (g 6) is subjected to various influences, 
such as heat, electricity, or light, or is brought in contact with other 
substances, it is very often split up into two or more dissimilar 
components. As an example let us take gunpowder. Water is 
added and the whole is stirred well and gently warmed; after a. 
while it is filtered, and that which remains on the filter is found to 
be no longer gunpowder, for it can no longer explode. On evapo- 
rating the filtrate a white crystalline substance, saltpetre, remains. 
The undissolved part is dried and then shaken with another sol- 
vent, carbon bisulphide. After a time the mixture is filtered, as 
before, and there is left on the filter a black mass, consisting of 
charcoal powder. The carbon bisulphide of the filtrate evaporates 
and leaves yellow crystals of sulphur. Thus we see that, by suc- 
cessive treatment with water and carbon bisulphide, gunpowder can 
be separated into three substances, viz., carbon, sulphur and salt- 
petre,. The two former are incapable, even when subjected to all 
the agencies at our command, of division into different compo- 
nents. Not so with saltpetre, for when the latter is heated strongly 
a gas is given off in which a glowing wooden splinter is at once 
ignited. When the evolution of gas ceases, a substance remains 
which gives off red fumes on treatment with sulphuric acid, some- 
thing that saltpetre does not do. Saltpetre can evidently be broken 
up still farther by heating. 

If wo subject all sorts of substances to a successive treatment 
with reagents of the most different kinds, we finally discover cer- 
tain ones that cannot be resolved into simpler substances by our 
present means. Such substances are called elements. Although the 
number of substances, according to § 6, may be considered as infi- 
nitely great, experience has taught that the number of elements is 
small. There are about seventy. 

As our methods of examination improve, it may quite possibly 
be found that the substances which the cliemist of to-day regards as 
elements have no right to the name. Therefore, when we use the 
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word '' element/' it is to be regarded as a relative term, dependent 
on the extent of our knowledge and the means at our command. In 
the history of chemistry some cases are to be found where sub- 
stancesy once believed to be elements, were subsequently decom- 
posed. 

The exact number of elements cannot be definitely stated, be- 
cause, on the one hand, not all the substances that possibly exist 
may be within our reach,^ and, on the other hand, it is doubtful 
whether certain substances now regarded as elements cannot be 
divided by means already known. 

The following is an alphabetical list of the elements at present 
known to exist : 



AlumiDium 


Fluorine 


Neon 


Sodium 


Antimony 


Gallium 


Nickel 


Strontium 


Argon 


Germanium 


Niobium 


Sulphur 


Arsenic 


Gold 


Nitrogen 


Tantalum 


Barium 


Helium 


Osmium 


Tellurium 


Beryllium 


Hydrogen 


Oxygen 


Thallium 


Bismuth 


Indium 


Palladium 


Thorium 


Boron 


Iodine 


Phosphorus 


Tin 


Bromine 


Iridium 


Platinum 


Titanium 


Cadmium 


Iron 


Potassium 


Tungsten 


Caesium 


Krypton 


Praseodymium 


Uranium 


Calcium 


Lanthanum 


Rhodium 


Vanadium 


Carbon 


Lead 


Rubidium 


Xenon 


Cerium 


Lithium 


Ruthenium 


Ytterbium 


Chlorine 


Magnesium 


Samarium 


Yttrium 


Chromium 


Manganese 


Scandium 


Zinc 


Cobalt 


Mercury 


Selenium 


Zirconium 


Copper 


Molybdenum 


Silicon 




Erbium 


Neodymium 


Silver 





As may be seen from this list, the metals are included in the 
elements. Together with them we find a number of other sub- 
tances, as oxygen, sulphur, phosphorus, etc., that are classed under 
the term non-metals, or metalloids. To the latter class belong 
many very important substances, e.g. oxygen, an element that 
combines with almost all others, causing what is called combustion. 
Oxygen is present in a large amount in the air. Another non- 

^ Of the inttsrior of the earth only a very small part is known. If we think 
of the earth as about the size of an orange, the deepest mine-shafts would not 
even penetrate the thin yellow exterior layer of the orange-skin. 
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metal is^ carbon, which is present in all organized substances, and 
is therefore a constituent of every animal and plant. Sulphur, 
which burns, with .a blue flame, giving off a piercing odor, and 
chlorine, a greenish yellow gas of very disagreeable odor, which 
combines readily with most metals, are also non-metals. 

The elements occur in very unequal proportions in the part of 
the earth accessible to us. Oxygen, which occurs in air, in water, and 
in the solid part of the earth's crust, is very preponderant, compos- 
ing more than 50^ of those portions of the earth which have been 
investigated. The elements silicon, aluminium, iron, calcium, car- 
bon, magnesium, sodium, potassium and hydrogen, together with 
oxygen, make up 99^ of the earth's crust. There remains, there- 
fore, only 1^ for all the other elements. Some of these are quite 
common, e.g. lithium, but they almost always occur in very small 
quantities. Others, like niobium and tantalum, are found in rel- 
atively very small amounts and in isolated places. 

The following table, according to Clarke, gives an approxi- 
mate summary of the quantities of the elements found in the part 
of the earth accessible to us : 

Earth^B Crust. Ocean. Atmosphere. Entire Earth. 

% % % % 

O _47jafl_ 85.79^ 28.00 49.98 

Si 27.21 .... .... 25.80 

Al 7.81 .... ..... 7.26 

Fe 5.46 .... .... 5.08 

Ca 8.77 0.05 .... 3.51 

Mg 2.68 0.14 .... 2.50 

Na 2.86 1.14 .... 2.28 

K 2.40 0.04 .... 2.23 

H 0.21 10.67 .... 0.91 • 

Ti 0.38 .... ... 0.3.) 

C 0.22 0.002 .... 0.21 

CI 0.01 2.07 

Br 0.008 

P 0.10 .... .... 0.09 

Mn 0.08 .... .... 0.07 

8 0.08 0.09 .... 0.04 

Ba 0.08 .... .... 0.08 

N .... 77.00 0.02 

Or 0.01 .... .... 0.01 

100.00 100.00 100.00 100.00 
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With the aid of spectral analysis (§§ 263-267) it has been 
ascertained that the heavenly bodies contain most of the same 
elements as our earth, and also some others. 

OXYGEK. 

9. Under ordinary conditions of temperature and pressure, 
oxygen is a colorless and odorless gas, whose most noticeable prop- 
erty is its ability to set glowing substances on fire with evolution of 
much light and heat. A glowing splinter of wood, for example, 
when introduced into an atmosphere of oxygen, begins at once to 
bum brightly. This action is ordinarily used as a characteristic 
test for the identification of oxygen. 

This gas can be obtained in various ways. There are many sub- 
stances which are known to evolve oxygen on heating. 

(1) Mercuric oxide, when heated strongly in a retort (Fig. 2\ 
yields oxygen, which can be collected by means of a delivery-tube 




. Fig. 2.— Preparation of Oxygen from Potassium Chlorate. 

opening under the mouth of a cylindrical receiver filled with 
water. Tlie inside of the retort becomes covered with drops of 
mercury. 

(2) The same apparatus can be used in making oxygen from 
potassium chlorate (chlorate of potash), as well as from potassium 
nitrate (saltpetre), potassium permanganate, and many other sub- 
stances. The preparation of oxygen by heating potassium chlorate 
is a method frequently used in the laboratory. 

Some substances give off oxygen when heated together with 
others, e.g. : 
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(3) Potassium bichromate or manganese dioxide, when heated 
with sulph nric acid . ^ 

(lyTm^oxido, when heated in a current of chlorine. 

The atmospheric air consists principally of oxygen and nitrogen. 
The following method for separating these gases was employed by 
IjAVOISIER in 1774. He introduced some mercury into a retort A 
(Fig. 3) with a long, doubly-bent neck that opened under a bell- 



FiQ. 8. — Absorption of Oxygen by Mercury. 

jar PQ filled with air and resting in a dish RS of mercury. He 
then heated the retort steadily for several days, keeping the mercury 
almost boiling. As a result, a part of the air in PQ disappeared, and 
the gas remaining was found to possess other properties than air- 
it was nitrogen. At the same time the mercury had been partially 
transformed in^fco a red powder, mercuric oxide. On heating the 
latter more strongly oxygen was obtained. 

The physical properties of oxygen, besides those already men- 
tioned, are as follows : Its specific gravity, assuming the density of 
air to be 1, is 1.10585 ; taking hydrogen as a unit, it is 15.88. A 
liter of oxygen at 0° and 760 mm. Hg. pressure weighs 1.4296 g. 
Oxygen can be liquefied — its critical temperature being —118° and 
its critical pressure 50 atmospheres. Liquid oxygen has a specific ^ 
gravity of 1.124 (based on water) and a boiling-point of —182.95° 
at 745.0 mm. pressure. Its color is light blue. Liquid oxygen has 
been obtained in quantities as large as several liters. It can even be 
preserved for some time at ordinary pressure, with the aid of a so- 
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called vacuum-flask (Fig. 4). The latter is a vessel enclosed in an: 
air-tight jacket, the space between the walls being evacuated. 100 
1. water at 0^ dissolves 4.89 1. oxygen. The gas is also some- 
what soluble in alcohol and in molten silver. 
When the silver solidifies, the oxygen — ^a volume 
about ten times that of the metal — suddenly escapes 
from solution, causing peculiar elevations on the 
surface of the silver (*' spitting " of silver). 

We remarked above (§ 7) that the solubility of 
gases in liquids diminishes with increasing tem- 
perature. A very remarkable law expresses the 
relation that exists between the solubility of a gas 
and its pressure, namely, the solubility is propor- 
tional to the pressure. This is the law of Henby. 
Fig. 4.— Vacuum- Thus, when the pressure becomes a-fold, the solu- 
PLA8K. bility also becomes a-fold. As the quantity of a gas 

which is present in a certain volume is likewise proportional to the 
pressure, the law of Henry can also be expressed thus : the volume 
of a gas J dissolving in a certain quantity of a liquid, is ifidepend- 
ent of the pressure. 

This law is rigid when the sohi bility of tlie pis is small ; 
when the solubility is large, for instance 100 volumes in 1 of the. 
liquid, its deviations are considerable. 

10. Among the chemical properties of oxygen the most promi- 
nent is its vigorous support of combustion. The following are in- 
teresting examples : 

Charcoal glows in air only moderately and without much evolu- 
tion of light. In oxygen, however, it burns with a bright glow. 
Sulphur, which burns in air with only a small flame, burns in oxy- 
gen with an intense blue light. Phosphorus burns in oxygen with 
a blinding white light. A steel watch-spring that has been heated 
to redness at one end and put into oxygen, burns with scintillation. 
Zinc also bums in it with a dazzling light. In all these and anal- 
ogous cases the oxygen, as well as the burning material, disappears 
during the combustion, while new substances are formed. A last- 
ing change therefore takes place and we have to do with a chemical 
process. The product of burning charcoal is found to be a gas that 
makes lime-water cloudy and is unable to support combustion ; it 
is called carbonic acid gas. Sulphur also yields a gas; it has a 
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piercing odor and is called sulphur dioxide. £boBphoru& produces 
a white flocculent powder^ phosphorus pentoxide. When iron burns, 
2k blacTcindery powder is formed, called *' hammer-scale/' because 
it composes the sparks that fly from the anvil. 

The question now arises as to what really pccurs in the above 
cases. In the first place, it has been found that the weight of the 
product of combustion is greater than that of the substance burned. 

The increase in weight of the sabstance daring burning can in many 
cases be easily demonstrated. For instance, a horseshoe magnet that has 
been (lipped in iron-filings may be hung on the lower side of a scale-pan 
and balanced by weights put in the other pan. The iron-filings may be 
burned by passing a non-luminous flame under them a few times. On 
pooling, the scale-pan attached to the magnet sinks. In a similar way one 
may demonstrate the increase of weight in the burning of copper. In order 
to prove the increase of weight in a case where only gaseous products are 
formed, a candle may be burned and the combustion products, carbon 
dioxide and water-vapor, collected by letting them pass over unslaked 
lime, with which both unite. 

Closer investigation has revealed the fact that the increase in 
weight is due to the presence of oxygen, as well as the burned sub- 
stance, in all combustion products. The latter are compounds of 
these substances with oxygen. The participation of oxygen in the 
burning of zinc, for example, may be proven by heating the com- 
bustion product, zinc white, in a tube and leading over it chlorine 
gas, whereby oxygen is driven off. The compounds of oxygen are 
called oxides, and the act of this combination is known as 
oxidation. 

When substances burn in the air, it is only the oxygen, which 
combines with them. Nevertheless, the nitrogen of the air is heated 
and thus takes a part of the heat evolved in the combustion. 
Therefore the temperature of a burning object cannot rise so high 
as in pure oxygen, and, as the emission of light depends on a high 
degree of temperature, combustions in oxygen are for this reason 
much more bright than in air. 

There are two general methods of ascertaining what elements 
exist in a compound. According to the one method the compound 
is decomposed and the elements composing it thereupon deter- 
mined. This is the analytic method. According to the other, 
the synthetic method, the composition is found by combining dif- 
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ferent elements to form new substances. In the above-described ex- 
periment (§ 8) of Lavoisier the composition of the red powder is. 
learned by decomposing it at high temperature, whereupon it 
separates into only mercury and oxygen. Inversely it was possible 
to obtain the red powder by heating pure oxygen and pure mercury 
together at a lower temperature. The former is an example of 
analysis, the latter of synthesis. 

HTDBOGEH. 

11. Hydrogen is a colorless and odorless gas that is rarely found 
in the free state. The gases of some volcanoes contain it and it can 
also result from processes of decay. In combination with other 
elements, however, hydrogen is very widely distributed and occurs 
in very large amount (§ 8). 

Hydrogen can be prepared in various ways. In the first place, 
hydrogen compounds can be broken up. 

(1) Water is decomposed by the electric current, hydrogen being 
evolved at the negative pole (cathode). 

(2) Palladium hydride is broken up by heat into palladium and 
hydrogen (see § 315). 

The ordinary methods of preparing hydrogen depend on the in- 
direct decomposition of hydrogen compounds, i.e. their reaction 
with other substances. The following are examples of this sort: 

(3) The action of zijic-on-dilatfi sulphuric acid (§89). This is 
the ordinary method (see Fig. 6). 

(4) The action of zinc or aluminium filings on caustic potash or 
slaked lime. 

(5) The action of sodium or potassium on water or alcohol. 

(6) Magnesium powder, when boiled with water, also evolves 
hydrogen, especially when some chloride of magnesium is dissolved 
in the water, because such a solution dissolves the magnesium oxide 
which forms on the surface of the metal. 

12. The physical properties of hydrogen are these: It is the 
lightest of all known substances. Its specific gravity (air = 1) 
amounts to only 0.06949. One liter hydrogen at 0° and 760 mm. 
Hg. pressure weighs 0.0899 g. Its lightness renders it useful for in- 
flating balloons. It is very hard to liquefy. In 1898 Dewab suc- 
ceeded in obtaining hydrogen as a coherent liquid in quantities of 
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50 c.c. by cooling the gas, which was under a pressure of 180 
atmospheres, to — 205** (by the rapid evaporation of liquid air in a 
Tacuum) and then reducing the pressure greatly by allowing the 
gas to escape through a fine aperture. In the mechanical theory of 
heat it is shown that the expansion resulting from such a sudden 
release of pressure involves a considerable absorption of heat and 
therefore a very great depression of temperature. The critical tem- 
perature of hydrogen lies 30-32° above the absolute zero (— 273°)and 
the critical pressure is only 15 atmospheres ; however, the last two 
values are not yet exactly determined. Liquid hydrogen is colorless. 
It boils at — 252.8''. Its specific gravity, with reference to water, is 
only 0.07, being therefore considerably less than that of all other 
known liquids. Dbwar further succeeded in reducing hydrogen to 
the solid state by allowing the liquid to evaporate quickly at 30-40 
mm. pressure. 

Hydrogen is slightly soluble in water, 100 1. water dissolving 
2.15 1. of the gas at 0°. Alcohol takes up somewhat more. 

13. Chemical Properties. Hydrogen does not unite with as large 
a number of elements as oxygen. At a higher temperature it dis- 
plays a strong tendency to unite with oxygen, burning with an 
almost colorless and very hot flame to form water. This property 
seryes for the identification of hydrogen gas. 

When a current of hydrogen is directed upon very finely divided plati- 
num (spongy platinum or platinum black, §316), the hydrogen is ignited. 
This is due to the condensation (occlusion) on the platinum sponge of oxy- 
gen, that is able in this condition to unite with hydrogen. The platinum 
suffers no change. A chemical action of this sort, i.e. one which is appar- 
ently brought about by the mere presence of a certain substance, is called 
a catalytie or contact action. In the great majority of such cases it has, 
however, been found that the catalyzing substance (catalyzer) probably 
has some part in the reaction (here, for example, by the condensation 
of oxygen), but appears at the eud of the process unchanged. The 
catalyzermay either hasten or retard a reaction. 

Xhe hi^h temperature of the hydrogen flame is made use of in 
fusing platinum, quartz, etc., and in the Drummond Hme-light. 

In the latter oxygen is forced into a hydrogen flame, which is 
directed on to a piece of quicklime. The intense heat causes the 
latter to glow brilliantly. 

Such a flame is known as an oxyhydrogen flame. An apparatus (oxy- 
hydrogen blowpipe) like that represented in Fig. 5 is required to produce 
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it. The hydrogen enters at W and passes out at a, where it is lit. Oxygen 
is blown into the flame at S, Thus the gases do not mix till they reach the 
flame, and the possibility of an explosion is avoided. 




Fig. 5.— Oxyhydrogen Blow-pipe. 

A mixture of hydrogen and oxygen, especially in the proportion 
of 2 vols. H and 1 vol. (detonating gas), when ignited, turns 
momentarily to steam ; in other words, it explodes. This experi- 
ment can, however, be performed harmlessly by using a wide- 
mouthed cylinder of not too great dimensions. A loud report is 
heard in this case, because the steam at the moment of its forma- 
tion occupies a much larger volume at the high temperature of the 
combustion than the mixture of the original gases, and as a result 
the air is suddenly ejected with violence. When the explosion 
occurs in a closed vessel, no sound is heard {cf. e.g. Fig. 12). 

The temperature to which detonating gas must be heated to ex- 
plode is found to be about T00°. At a lower temperature combina- 
tion between hydrogen and oxygen also takes place, but not 
momentarily, as in explosions ; the lower the temperature, the 
slower the process. Wlieu, therefore, no chunge in cold de- 
tonating gas is observed feven in the course of several years, we 
must attribute the fact to the extraordinary slowness of the process 
at ordinary temperatures. A simple calculation will make this 
plain. BoDENSTEiN observed that, when detonating gas is heated 
at 509" for 50 minutes, 0.15 of the whole was changed to water. 
Now it is a general rule that, when the temperature sinks 10°, a 
chemical reaction becomes about twice as slow; at 499° it would 
thus take 100 minutes till the 0.15 part of the gas had formed 
water. At the ordinary temperature, say at 9°, it would be 50 X 
2" minutes, that is about 1.06 X 10" years. The same can be 
said of all chemical reactions. When we see that wood, sulphur, 
etc. burn quickly at higher temperatures, we must admit that 
oxidation takes place also at ordinary temperatures, though so slow 
that we cannot perceive it. 
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Hydrogen is not only able to unite with free oxygen^ but it also 
has the power to withdraw oxygen from many of its compounds. 
Tie action of hydrogen on a compound is called, in general, 
J Cednctio n. This action is often a very useful means of determining 
whether a compound contains oxygen, since the latter, if present, 
will usually unite with the hydrogen to form wat^r. Copper oxide 
may serve as an example of the application of this method. A little 
is placed in a tube, hydrogen is led over it, and heat is then applied. 
One soon sees the black oxide change to red copper, and water 
depositing in drops on the colder parts of the tube. Many other 
•oxides can be similarly reduced, e.g. iron oxide, lead oxide, etc. 

THE GOlSrSEBVATIOlSr OF MATTEB. 

14. The quantitative relations of oxidizing and reducing pro- 
cesses, such as were discussed in § 13, i.e. the determination of 
the masses of the substances participating in the actions, may be 
used to elucidate a very important law. A definite amount of cop- 
per powder, for example, may be placed in a tube and the weight of 
the tube with the powder ascertained. Oxygen is then led over the 
copper at a high temperature. The apparatus should be so arranged 
that the volume of the oxygen which combines with the copper can 
be measured. When the oxidation process has proceeded for some 
time, the tube containing the oxidized copper is allowed to cool and 
then weighed. The weight is found to have increased, and the in- 
crease is just equal to the weight of the volume of oxygen used up. 
Thereupon hydrogen is passed through the tube with the copper 
oxide and heat applied. Here also arrangements should be made for 
measuring the volume of hydrogen consumed in reduction. The 
reduction is allowed to go on until all the copper oxide is trans- 
formed back to copper. When the tube and powder are subse- 
quently weighed, they will be found to have reassumed their original 
weight. The water that forms can be absorbed by a substance like 
quicklime or concentrated sulphuric acid and weighed. It will be 
found equal in weight to the loss of weight of the copper oxide on 
changing to copper plus the weight of the consumed hydrogen. 

In these cases therefore the combined weight of the reacting 
substances before and after the reaction is the same. Copper -|- con- 
sumed oxjgen weighs just as much as copper oxide; copper oxide 
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+ consumed hydrogen weiglis just as much as copper + water; 
and, finally, the regained copper weighs just as much as that origin- 
ally taken. The substances can be changed into different states, 
but their weight remains unaltered. This phenomenon is observed 
without exception in chemical actions, and we therefore accept as a 
law the statement that matter is indestructible, or that no matter 
can be lost or gained. This principle was introduced into chemistry 
by Lavoisier (1743-1794). 

The old Greek philosophers were already firmly convinced of the impos- 
sibility of producing or destroying matter. In all ages this belief has been 
the basis of philosophic thought. To Lavoisier is due the credit of having 
demonstrated the practical application of the principle of the indestructi- 
bility of matter. He assumed that gravity is an inseparable attribute of 
all matter— concerning which a great deal of doubt still existed— and that 
the combined weight of the substances concerned must therefore be the 
same before and after a chemical reaction. 

The theory of knowledge teaches that the principle of the indestructi- 
bility of matter lies originally at the basis of our thinking. It is entirely 
incorrect to suppose that it was established by experimentation ; on the 
contrary, we test the correctness of our experimental results by ascertam- 
ing in how far they conform to this principle. This can be easily under- 
stood in the above case of the oxidation and reduction of copper. In per- 
forming this experiment one finds that the weight of copper + oxygen ia 
not exactly equal to that of the copper oxide formed. Even after several 
repetitions slight differences are still found. Because we feel that there 
must be absolute equality, we attribute these differences to imperfectiona 
in our instruments, and we consider our instruments improved if they 
enable us to approach nearer the complete equality of the weights before 
and after the experiment. Nevertheless, we are unable to really observe 
an absolute equahty. 

WATEE. 

15. Water was regarded as an element for many centuries. Not 
until 1781 did Cavendish discover that, when a mixture of hydro- 
gen and air, or oxygen, explodes, water is formed. Being, how- 
ever, a supporter of an erroneous theory (§ 106), he failed to realize 
the importance of his discovery. Lavoisier in 1783 repeated thi» 
experiment and comprehended it as a synthesis of water, as we still 
do to-day. 

With the aid of the apparatus pictured in Fig. 6, this synthesis 
can be easily demonstrated. The hydrogen is generated in the 
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JjB[o=nscked (Wovlff) bottle from zinc and sulphuric acid. In 
order to free tEe gas from water vapor, it is passed through the 
horizontal tube, which contains c hlorid e of calcium, or bits of 
jumice-stone soaked in sulphuric acid. The~3ry gas is ignlte^^d^ 
as it burns, water is gradually deposited on the walls of the bell-jar. 




Fig. 6.— Combustion op Htdrooem. 

In addition to this direct synthesis from its elements there are 
other ways of obtaining water. For example, many compounds, 
such as the blue crystals of copper vitriol, give off water when 
heated. 

The formation of water by the action of hydrogen on oxygen 
compounds was seen above (§ 13) in the reduction of copper oxide. 
On the other hand, it is also produced by the action of oxygen on 
certain hydrogen compounds. This is seen, for example, in the 
burning of alcohol. 

Finally, water can result from the reaction of a hydrogen com- 
pound with one of oxygen. This is the case when ammonia-gas 
(§111) is led over hot copper oxide. 

The sjmthetic methods of preparing water, such as the above 
named and many others, possess, however, merely theoretical im- 
portance. Even when water is wanted in a perfectly pure state,, 
natural water is resorted to. This contains solids and gases in solu- 
tion, which must be eliminated. Its purification is accomplished 
by distillation. An apparatus well suited to this purpose is shown 
in Fig. 7. 
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Water is placed in the retort A, which rests over the fireplace, 
and boiled. The dissolved gases are first driven off; the hot steam 
follows, passing through the dome B into the condensing coil 
(''worm") Cy which is cooled by water in the vessel D. The 
condensed water, now pure, flows down into the bottle; the solid 
substances that were dissolved in the water remain in the retort. 




Fio. 7. — Purification op Watkb by Distillation. 

The cooler D is supplied with cold water through a tube, entering 
near the bottom, while the heated, and therefore specifically lighter, 
water flows out near the top. The steam thus meets with cooling 
water of a lower temperature as it passes down tlie worm, and is 
in this way very completely condensed (principle of the counter- 
current). 

A single distillation is usually insufficient for the complete elimination 
of all gaseous and solid constituents. For this purpose the operation must 
be repeated in an apparatus of platinum with a condensing coil of the same 
metal or of pure tin, and only the middle fraction collected. 

An excellent criterion for the purity of water is to be found in the 
measurement of its electrical resistance. Perfectly pure water conducts the 
electric current scarcely at all. Kohlrausch found its conductivity at 18* 
to be A = 0.04 x 10-*, taking as a unit the conductivity of a body a 
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oolnmn of which 1 cm. long and 1 cm. square in cross-section has a resist-- 
ance of 1 ohm. The slightest traces of salts or even contact with the 
atmosphere cause a marked increase in its conductivity. 

PHYSICAL PB0PEBTIS8. 

16. Water at ordinary temperatures is an odorless^ tasteless 
liquid, showing no color in thin layers. On looking through a layer 
26 meters thick. Spring observed a pure dark-blue color. The. 
thermometer-scale of Celsius is fixed according to the physical 
constants of water, its freezing-point being called 0° and its boiling- 
point at 760 mm. pressure 100°. The freezing- and boiling-points 
are dependent on the pressure. Water possesses the very uncommon 
property of having a maximum of density (minimum of volume) at 
a definite temperature. The volume of almost all other substances 
increases with rising temperature, but here it diminishes up to 
3.945°, above which temperature water expands as heating con- 
tinues. In the following short table its volume and specific gravity 
are given for a few different temperatures: 



Temp. 


Volume. 


8p. Q. 


Temp. 


Volume. 


Sp.Q. 



1 
2 
8 
4 


1.000132 
1.000067 
1.000028 
1.000007 
1.000000 


0.900878 
0.990988 
0.999972 
0.999998 
1.000000 


5 

6 

8 

10 

20 


1.000008 
1.000031 
1.000118 
1.000261 
1.001780 


0.999992 
0.999969 
0.999882 
0.999739 
0.998270 



During the transformation of water to ice the volume increases 
considerably. One vol. water at 0° yields 1.09082 vol. ice of the 
same temperature. 

The specific heat of water is greater than that of a vast majority 
of other substances. Its latent heat of fusion is 79 Gal., its latent 
heat of vaporization 536 Cal. Water is extensively used as a solvent. 
Numerous substances dissolve in it to a greater or less degree. There 
are many liquid substances that mix with water in all proportions, 
and many, also, which do not. (See § 7.) 

The remarkable physical properties of water play a very important rdle 
in nature. As this subject is extensively discussed in physics, meteorology 
and geology, we can pass over it here with a brief summary. The marked 
increase of volume during the transformation of water into ice, as a result 
of which the specific gravity becomes less, is the reason why ice floats and 
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the water below remains liquid. The temperature of the deepest layers of 
water very seldom gets lower than 4" C, for, when a layer reaches this 
temperature, it is at the point of greatest density and therefore sinks to 
greater depths, where it is protected from farther cooling by the poor con- 
ductivity of the upper layers. These two phenomena together prevent the 
entire freezing of the rivers and seas in winter to a solid mass of ice, which 
would necessarily take place if ice were denser than water and the maxi- 
mum density point of water were not above 0*". The fact that water freezes 
merely at the surface not only makes the existence of water animals pos- 
sible, but is also of very great influence on the climate. If every body of 
water froze solid in winter, the heat of summer would be insufficient to 
melt all this ice, the latent heat of fusion and the heat capacity of water 
being so great. In our present temperate zone there would be a climate 
like that of the polar regions, and a large part of Europe would therefore 
be uninhabitable. 

The expansion of water on freezing is moreover a very important factor 
in the disintegration of rocks. During rains, etc, the water percolates into 
the cracks of the rocks and, if it freezes, the force with which it expands-is 
so great that the cracks are gradually widened, until the rock at last falls 
to pieces. 

Then, too, as a solvent, water affects the minerals in various ways. In 
this respect it is likewise a very substantial geological factor. 

NATTTBAL WATER. 

17. Water, as it occurs in nature, is by no means chemically pare. 
It may contain solid matter in suspension as well as substances, 
either solid or gaseous, in solution. The purest natural water is 
rain-water. This has really passed through a natural process of 
distillation, the water on the earth's surface being vaporized by the 
sun's heat and condensed again by contact with colder portions of 
air, whereupon it falls in the form of rain. Nevertheless it contains 
dust-particles (in large cities more, of course, than in the country) 
and gases from the air, as well as traces of ammonium salts. 

Spring- and well-iuaters contain in 10,000 parts about 1-20 parts 
solid matter, consisting largely of lime-salts. Well-water that con- 
tains much lime is called hard (§ 259). It also contains sonie carbonic 
acid and air in solution, both of which give it its refreshing taste; 
distilled water tastes flat. 

Natural water is used extensively for drinking purposes. When it 
comes out of a soil that is contaminated by decaying organic matter, as is 
the case in many large cities, it is injurious to health, principally on account 
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of the presence of bacteria. It can be freed from these by filtration through 
li PasteubtChamberland porcelain filter (Fig. 8). 

This consists essentiaUy of a hollow cylinder of porous porcelain (called a 
** candle") A^ through whose walls the water is forced by its own pressure. 
The lower end of the candle opens into the exit tube. 

In large cities it has been found much more 
practicable to purify the well- or river-water at the 
central station and to pipe it thence to the various 
houses. Epidemic diseases have really decreased 
remarkably since the introduction of this method. 

A water which coutains so many substances in 
solution that it has a definite taste or a thera- 
pen tic effect is callod a mineral water. There 
are very many kinds of these, differing accord- 
ing to the amount and kind of dissolved matter 
they contain. We distinguish between saline 
waters containing common salt, l)itter 
waters with magnesium salts, sulphurous 
waters with sulphuretted liydrogen, car- 
bonated waters with carbonic acid, chaly- 
beate waters with iron, and many others. 
Detailed analyses of the mineral waters of num- 
erous watering-places are accessible in works on 
balneology. 

Sea-water contains about 3j^ of salts, of which 
2.7^ is common salt. Alarge number of elements, viz., about thirty, 
have been found in sea-water, although the most of them exist there 
only in extremely small quantities. 

It was stated above (§ 16) that pure water is blue. The color of the 
rivers, lakes and seas varies, however, through many nuances from pure 
blue to brown. This variation is due principally to the presence of more 
or less brownish-yellow humous (marshy) substances or an extremely fine 
floating slime. Both conditions can produce a brownish-yellow color. It 
is easily seen how the combination of blue and yellow or brown may bring 
about the various blue, green or brown tints in natural waters. 




Fio. 8.— Pasteur- 
Chamberland 
Filter. 



COXPOSITIOK OF WATER. 

18. Becomposition. It was stated above that water can be 
obtained by direct combination of hydrogen and oxygen; inversely, 
it can be decomposed into these same elements. 
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In the flask A (Fig. 9) some water is heated till it boils vigorously. JL 
strong electric current is then sent through the wire a ch^ so that the fine 
platinum wire c glows intensely. This heat partially decomposes the water 
vapor into hydrogen and oxygen, which pass out through the tube d and 
are collected in the cylinder C. This gas mixture is nothing but the ex- 
plosive mixture (§ 13) of hydrogen and oxygen, as can be easily proyen bj^ 
applying a flame. 




Fig. 9. — Decomposition of Water by Glowinq i'LAXiNXJM. 

Many metals decompose water on contact, the hydrogen being 
set free and the metal uniting with the oxygen. Potassium and 
sodium efltect this decomposition at ordinary temperatures (§ 11); 
iron, zinCy and other metals require a higher temperature, iron, 
e.g. acting at red heat. 

19. Let us now study the quantitative composition of water, i.e. 
determine the relative amounts of hydrogen and oxygen present.. 
For this purpose both the analytical and synthetical methods can be 
used. 

(a) The Ajialytical Method, — When an electric current is passed 
through water to which has been added a little sulphuric acid, the 
water is decomposed. If the gases evolved at the electrodes are col- 
lected separately, it is found that for every 1 vol. oxygen 2 vols, 
hydrogen are given off. A suitable apparatus for this experiment is 
shown in Fig. 10. 
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Since 1 liter of hydrogen weighs 0.0899 g. and 1 liter of oxygen 
Teeighs 1.4296 g., both at 0° and 760 mm. pressure, 
the weights of 2 vols, hydrogen and 1 vol. 
oxygen must bear to each other the ratio of 
2 X 0.0899 : 1.4296, or 1 : 7.943. 

(6) Ths Synthetical Method.— Aa early as 1820 
the reduction of copper oxide by hydrogen was 
employed for this purpose by Berzelius ; in 
1834, also, by Dumas and Stas. A weighed 
amount of carefully dried copper oxide is heated 
in a current of hydrogen and water is formed, 
which is collected and weighed. The weight of 
the oxygen given up by the copper oxide is found 
from the difference between the weight of the 
copper oxide used and that of the resulting copper. pioT 10 — Decom- 
The weight of the hydrogen contained in the position op 
water collected is therefore equal to the difference Electric Cur- 
in weight of water and oxygen. rent. 

The apparatus used for this experiment is represented in Fig. 
11. In A the hydrogen is generated from zinc and dilute sulphuric 





Fig. 11 —Synthesis op Water after Dumas and Stas. 

acid. It is then passed through the permanganate solution in the 
wash-bottle B to free it from impurities, and also through the U- 
tubes (7, D and E, containing calcium chloride, sulphuric acid and 
phosphorus pentoxide, respectively, for drying it. In F is placed 
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the copper oxide, which is carefully weighed together with the tuhe. 
The water that forms is condensed in G, the U-tube ff being 
attached to absorb any escaping water vapor. At the completion of 
the experiment, F, with its contents, is again weighed, likewise G 
and H; the differences in weight indicate the amount of water 
formed. Dumas and Stas found in this way that 100 parts (by 
weight) of water consist of 11.136 parts of hydrogen and 88.864 
parts of oxygen, or, in other words, that the mass-ratio of these 
elements is 1 : 7.980, a relation which agrees with that obtained in 
(fl) within the range of the unavoidable experimental error. 

Another synthetical method, which is especially adapted to the 
lecture-table, consists in mixing hydrogen and oxygen and deter- 
mining in what volume-ratio these gases unite. For this purpose 
an apparatus (Fig. 12) described by Hofmann is best employed. 

Hydrogen and oxygen in different 
proportions by volume are introduced 
into the arm of the U-tube, which can 
be closed by a stop-cock at the top; the 
cock is thereupon closed and the open 
arm tightly stoppered with a cork. The 
mixture is then exploded by an in- 
duction spark, the volume of air en- 
closed on the other side acting as a 
cushion to moderate the severe shock 
on the mercury, which might otherwise 
break the apparatus. It is found that 
only when the volumes of hydrogen 
and oxygen bear to each other the ratio 
2:1 does the oitire gas mixture dis- 
appear, a slight coating of tiny drops of 
water appearing in its place on the 
inside of the glass. In case more hy- 
Fio. 12.— HoKMANN's Appa- drogcn or more oxygen than the ratio 
RATU8 FOR TUB SYNTHESIS (j^Us for is Ict iuto the tube, the excess 
ov ^Vatkr 

is found to remain after the explosion. 

From these experiments, analytical and synthetical, it follows 
that tvaier has a constant composition ; it consists of 2 volumes of 
hydrogen and 1 volume of oxygen, or of 1 part, by weight, of hydro- 
gen to ';.943 parts of oxygen. 
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COMPOUlSrBS AND MIXTUBES. 

20. In water we have become acquainted with a substance which 
is different in many and important respects from the elements of 
which it is composed. We have farther seen that the elements in 
it bear to each other a fixed relation by weight. Such substances 
are known in very large number. Copper oxide, mercury oxide, 
sulphuric acid, potassium chlorate, common salt, soda and many 
others already mentioned belong to this class. In each of these, 
no matter how obtained, we discover by analysis or synthesis a 
definite proportion between the elements composing it. Such sub- 
stances are called compounds. 

In addition to the characteristics mentioned — difference of prop- 
erties from those of the elements and constant composition — we 
find that the compounds ulso have constant physical properties. 
Under the same pressure water always has the same melting-point 
and the same boiling-point, in whatsoever way it may have been 
obtained ; salt always crystallizes in the same crystal form ; soda, at 
a definite temperature, always requires the same amount of water 
for solution, etc. 

When elements or compounds are brought together without any 
chemical action on each other taking place, we have a mixture of 
these elements or compounds. The number of possible mixtures is, 
of course, unlimited. They are distinguished from compounds by 
the following characteristics : 

In a mixture the properties of the components reappear in many 
and important respects. Gunpowder, for example, is a mixture of 
sulphur, charcoal and saltpetre. The latter is soluble in water; 
sulphur dissolves in carbon bisulphide; charcoal is insoluble in both. 
These properties are still evident in the constituents of gunpowder. 
In a mixture of sulphur and iron-filings one can detect with a micro- 
scope the yellow grains of sulphur and the black particles of iron. 
The iron can be drawn out with a magnet; the sulphur dissolved 
out by carbon bisulphide. If, however, a mixture of 7 parts iron and 
4 parts sulphur is heated, a glow passes through the powder and a 
compound of both — iron sulphide — is formed, whose properties are 
entirely different from those of its elements. It is non-magnetic, 
insoluble in carbon bisulphide and under the microscope only a 
homogeneous scoriaceous mass is seen. The constituents of a mix- 
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ixxTQy since they still preserve their properties, can often be separated 
from each other by mechanical means, e.g. by the use of micro- 
scope and tweezers, by sifting, by treatment with solvents, by wash- 
ing, etc. 

In a mixture the ratio of the constituents can vary in all pro- 
portions. There are, for example, many sorts of gunpowder, distin- 
guished from each other by the proportions in which their constitu- 
ents are mixed. When 1 part sulphur and 100 parts iron, or, on 
the other hand, 1 part iron and 100 parts sulphur are mixed, we 
have in either case a mixture of both elements, possessing hardly 
the same, but at least analogous, properties. 

Moreover, a mixture often has no constant physical properties. 
Water has a constant boiling-point; the boiling-point of a mixture 
of benzene and turpentine, however, rises gradually as the more 
volatile component, benzene, distills off. The melting-point of 
sulphur is constant and can be accurately determined ; that of a 
mixture of tin and lead differs according to the proportion of the 
elements and is in many proportions not at all sharp, there being 
only a softening instead of real fusion. 

In the examples cited here the distinction between a compound and a 
mixture is well marked. There are, however, other instances where this is 
not the case and where it is therefore very difficult to know whether one is 
dealing with a compound or a mixture. We shall meet with many ex- 
amples of this later. There is, however, one way whereby a compound can 
be distinguished from a mixture, viz., by ascertaining whether or not the 
substance, prepared in different ways, has a constant composition. 

PHElSrOMElSrA ACCOMPAHYIHO THE FOBMATIOlSr OB 
BEGOMPOSITIOlSr OF A COMPOUND. 

The most common phenomenon of this sort is an elevation or 
depression of temperature, i.e. an. evolution or absorption of heat 
(calorific effect). Sometimes the rise of temperature is so great that 
light is produced. A decomposition or a combination can be so 
violent that it causes an explosion. In other instances electricity 
may be produced by chemical action. All these facts may be com- 
prised in this statement : Chemical action results in a change in the 
energy-supply of the reacting substances. 
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EXPLAKATIOlSr OF THE CONSTAlSrT COMPOSIXXOX «F 
^CMIPOUlSrDS.— ATOMIC THEOEY. 

21. It was stated that constant composition is the distinctive 
characteristic of a chemical compound. This Law of Constant 
Composition (definite proportions) was finally established by Proust 
in the beginning of the nineteenth century, and at about the same 
time ( 1807) D alton offered an explanation of it which is still accepted 
and may be considered as the foundation of theoretical chemistry. 

Matter can be thought to be infinitely divisible; according to 
liuman conception, the smallest particle that can really be obtained 
is still capable of division into an infinite number of others. Never- 
theless even the ancients were of the opinion that there must be 
fiomewhere a limit to the divisibility and that one must finally arrive 
at particles incapable of farther division, the atoms. 

In the fifth century b.c. there existed a school of philosophy, that of the 
EUaiica (so-called from the city of Elea), whose most prominent represent- 
ative was PiRMENiDES. He taught that everything that exists cannot be 
otherwise conceived than as unchangeable; transformation of the existent, 
which was thought to have never originated and to be at the same time 
unalterable, was held by them to be inconceivable. These theses they re- 
garded in a certain sense as axioms, i.e. statements of truths which are 
accepted without proof. Daily experience teaches one nevertheless that 
transformation does occur in that which exists, a fact that led them to 
suppose that everything observed by men is merely appearance. 

Three theories were proposed in the same century which aim to form 
a bridge between the doctrine of the unalterable existent and the experi- 
ence that points toward continuous change. These theories originated with 
Empedocles, Anaxagoras, and the AtomUts^ Leucippus and DEMOcnrrES. 
The immutability of the existent is disposed of by ascribing it to extremely 
small unchangeable and indestructible particles ; every change is thought 
to depend on the movement of these smallest integral particles towards 
or away from each other. Empedocles and Anaxagoras assume in this 
connection an infinite divisibility ; the Atomists, on the contrary, regard 
the world as built up of indivisible particles, atoms, all of which consist of 
the same primordial substance but differ in form and size. 

Now Daltox has used this conception of the ancients regarding 
the atom to explain the fact that the combining weights are con- 
stant. The atoms of the various elements, he assumes, have differ- 
ent weights; the atoms of the same element are alike in weight. 
A compound of two elements is therefore produced by the associa^ 
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tion of atoms of these elements. Such a combination of two or 
more atoms is called a molecule. It is obvious that these supposi- 
tions lead directly to the law of constant proportions ; for, if copper 
oxide is formed by an atom of copper uniting with an atom of 
oxygen to make a molecule of copper oxide, its composition must^ 
according to the above hypothesis, be constant. Dalton deduced 
another conclusion from his hypothesis and confirmed the same 
experimentally. He observed that oxygen unites not only with one 
very definite amount of nitrogen oxide, but also with twice as much, 
not, however, with any intermediate amount. He also showed by 
the investigation Of marsh gas and defiant gas, both of which are 
made up of only carbon and hydrogen, that the former contains 
twice as much hydrogen to a certain weight of carbon as the latter. 
It is readily seen how such observations can be explained on the 
basis of the atomic theory; in one case 1 atom of carbon is in 
combination with n atoms of hydrogen ; in the other with 2n atoms. 

The observations of Dalton were subsequently confirmed and 
extended, especially by Berzelius. The following statement is 
therefore now accepted as a law : Wlien two elements combine to 
form more than one compound^ the different toeights of the one element 
which unite with one and the same weight of the other element hear 
a simple ratio to each other. This is the Law of Multiple Proportions. 

22. The absolute weight of the atoms is not exactly known. 
It is so small that no one has as yet succeeded in determining either 
the size or the weight of the atoms (or of the molecules) except 
approximately. 

The following data may give an idea of the real amounts : 

1. Many eubslances, e.g. musk and certain organic sulphur compounds, 
possess an extremely powerful odor. If a bottle containing such a sub- 
stance is opened in a room for a few moments, the odor can soon be de- 
tected throughout the entire room ; nevertheless, even a sensitive balance 
fails to show any perceptible decrease in the weight of the bottle. The 
extremely small amount of the substance which evaporated contains, 
therefore, such a large number of molecules that when these are distrib- 
uted in a relatively large space, the odor can be detected in all parts. 

2. Faraday prepared gold-leaf not more than 0.5 x 10-* mm. thick. 
Considering that this thickness must represent the diameter of at least one 
atom of gold, it is plain that the actual diameter must be under the above 
limit. 

3. It is assumed that the molecules of a gas are free to move in all 
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directions. Ab a result, the molecules must encounter each other very fre- 
quently. Moreover the length of the free path through which the gas mole- 
cules may move without collision depends on their size. This free path can 
be calculated, as is shown in physics, from measurements of the diffusion, 
heat-conductivity and internal friction of the gases. When it is known, 
we can estimate the size of the molecules. Thus, van der Waals was 
able to arrive at the following approximations : The number of molecules 
in 1 mm.' air at 0° and 760 mm. Hg. pressure is represented by a number 
of seventeen figures; 1 mm.' air weighs, however, only 1.3 x lO"* g. The 
weight of one atom of hydrogen in milligrams was calculated to be a num<» 
ber of the 10-" order. 

CHEMIGAL SYMBOLS. 

23. The absolute weight of the atoms is thus only approxi- 
mately known. Nevertheless, their relative weights, i.e. the 
weights of the atoms of the other elements when that of a certain 
element is arbitrarily fixed, have been determined in a variety of 
ways. These relative weights, which are known as atomic weights, 
are expressed by symbols, that were introduced by Berzelius and 
are of great convenience in the representation of compounds and 
the formulating of chemical processes. Such a symbol expresses 
not only what element one is dealing with, but also the relative 
weight of an atom. If the atomic weight of copper is 63.3 and 
that of oxygen 16, the symbol Cu indicates 63.3 parts by weight of 
copper, the symbol 16 parts by weight of oxygen. It has been 
determined that in copper oxide one atom of copper is combined 
with one atom of oxygen; copper oxide is therefore represented by 
the formula CuO, which expresses, first, that we are dealing with 
a compound of copper and oxygen, and, second, that 1 atom (63.3 
parts by weight) of copper is united in it to 1 atom (16 parts by 
weight) of oxygen. Many compounds contain several atoms of the 
same element. This is indicated by placing the proper figure to the 
right of and below the symbol. Sulphuric acid, for example, con- 
tains 2 atoms of hydrogen (H), 1 atom of sulphur (S) and 4 
atoms of oxygen (0) in the molecule. Its formula is, therefore, 
H,SO,. 

Chemical actions can be very simply represented by the use of 
these formulae ; thus, the decomposition of mercuric oxide into 
oxygen and mercury by 

HgO = Hg + 0; 
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that of potassium chlorate into oxygen and potassium chloride by 
KCIO. = KCl + 30; 

potass, chlorate. potass, chloride. 

the generation of hydrogen from zinc and sulphuric acid by 

Zn + II,SO, = 2H + ZnSO,. 

In such equations the same atoms and the same number of each 
must appear on both sides, in accordance with the principle of the 
Indestructibility of Matter. 

Besides the atomic weights, we quite frequently use equivalent weights 
Those are the weights of the elements which combiDe with a unit amount 
of a certain standard element. One part of hydrogen combines, for 
instance, with 85.5 parts of chlorine and with 8 parts of oxygen. These 
amounts of hydrogen, chlorine and oxygen are equivalent to each other. 
The atomic weight is either equal to the equivalent weight or a multiple of 
the same. 

8T0ICHI0METEICAL CALCULATIONS. 

24. If the formulae of the compounds are known — the means of 
ascertaining these will be discussed in detail later — and the atomic 
weights of the elements composing them also known, it is very easy 
to calculate the weights that enter into reaction in all chemical 
changes. A couple of examples may serve to make this clear. 

1. It is required to know how many liters of oxygeii at 0^ and 
760 mm. pressure can he obtained by heating 1 kilogram of mercuric 
oxide. 

The atomic weight of mercury is 200, that of oxygen is 16; 
ngO is therefore 200+16. Out of these 216 parts by weight of 
mercuric oxide 16 parts of oxygen can be obtained by heating, i.e. 

from 1 kilo ( = 1000 g.) can be obtained — ^—^ — = 74.07 g. Since 

1 1- oxygen at 0° and 760 mm. pressure weighs 1.4296 g., 74.07 g. 

74.07 
occupy a volume of = 51.8 1. 

2. How much water can be formed from the hydrogen obtained 
by the interactio7i of 1 kg. zinc and the corresponding amount of 
sulphuric acid 9 
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The reaction of zinc and sulphuric acid is expressed by the 
equation 

Zn + H.SO, = ZnSO, + 2H 

and the combustion of hydrogen to form water by the equation 

2H + 0=H,0. 

From these equations it follows that the hydrogen formed by 
the action of 1 atom of zinc yields 1 molecule of water. For every 
atom of zinc we obtain, therefore, 1 molecule of water. The atomic 
weight of zinc is 65, the molecular weight of water 18; therefore 
65 parts of zinc correspond to 18 parts of water. 1 kg. zinc must 

3. Hmo many grams of potassium chlorate are necessary to pro- 
duce enough oxygen to oxidize 500 g, copper to copper oxide f 
The reactions concerned are 

KCIO. = KCl + 30 and Cu + = CuO. 

Hence 3 atoms of copper can be oxidized with the oxygen derived 
from 1 molecule of potassium chlorate. For every 3 atoms of 
copper 1 molecule of potassium chlorate must be consumed. The 
molecular weight of the latter substance is 39 + 35.5 + 3 X 16 
= 122.5; the atomic weight of copper is 63; for every 63 parts of 

copper ' = 40.8 g. potassium chlorate are therefore required. 

500x40.8 
Hence 500 g. copper require * = 323.8 g. potassium 

chlorate. 

In most chemical computations gram-molecules are employed, 
these being the molecular weights of the substances in grams. The 
abbreviation mol has been suggested by Ostwald for this term. 
Thus " 1 mol " copper oxide means 63 + 16 = 79 grams of it. 

The molecular weight in milligrams is called a millimoL In 
ihe same way we may speak of a kilomol, etc. 

It is now customary to take the atomic weight of oxygen as 16. 
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The atomic weights of the remaining elements then have the values 
that are given in the following table : 

TABLE OF ATOMIC WEIGHTS. 



Atom. 



Alumimiim... 

Antimony 

Argon 

Arsenic 

Barium 

Beryllium 

Bismuth 

Boron 

Bromine 

Cadmium. . . . 

Ceesium 

Calcium 

Carbon 

Cerium 

Chlorine 

Chromium... 

Cobalt 

Copper 

Erbium 

Fluorine 

Gallium 

Germanium. . 

Gold 

Helium 

Hydrogen. . . . 

Indium 

Iodine 

Iridium 

Iron 

Krypton 

Lanthanum . . 

Lead 

Lithium 

Magnesium. . . 
Manganese. . . 

Mercury 

Molybdenun^. 



Symbol. 



Al 

Sb 

A 

As 

Ba 

Be 

Bi 

B 

Br 

Cd 

Cs 

Ca 

C 

Ce 

CI 

Cr 

Co 

Cu 

Er 

F 

Ga 

Ge 

Au 

He 

H 

In 

I 

Ir 

Fe 

Kr 

La 

Pb 

Li 

Mg 

Mn 

Hg 

Mo 



Atomic 
Weight. 

27.1 
120 

40 

75 

187.4 

9.1 

208.5 

11 

79.96 
112.4 
188 

40 

12.00 
140 

85.45 

52.1 

59.0 

68.6 
166 

19 

70 

72 

197.2 
4 

1.01 
114 
126.85 
198.0 

56.0 

81.6 
138 
206.9 
7.08 

24.86 

55.0 
200.8 

96 



Atom. 



Symbol. 



Neodymium... . 

Neon 

Nickel , 

Niobium 

Nitrogen 

Osmium 

Ox vgen 

Palladium 



Nd 

Ne 

Ni 

Nb 

N 

Os 

O 

Pd 

P 

Pt 

K 

Pr 

Rh 

Rb 



Phosphorus 

Platinum 

Potassium 

Praseodymium . . 
Rhodium 

I Rubidium 

Ruthenium i Ru 

Samarium ' 8a 

Scandium I Sc 

Selenium | Se 

Silicon Si 

Silver , Ag 

Sodium I Na 

Strontiwn ' Sr 

I Sulphur ! 8 

Tantalum j Ta 

Telluriuih Te 

1 Thallium | Tl 

Thoriumt , Th 

Tin....; ' Sn 

Titanium Ti 

Tungsten ' W 

Uraniuni I U 

Yanadiuin , V 

Xenon. ; I X 

Ytterbium ' Yb 

Yttrium ' Y 

Zinc : Zn 

Zirconium ; Zr 



Atomic 
Weight. 



148.6 

20 

58.7 

94 

14.04 
191 

i6.oa 

106 

810 
194.8 

89. 1(^ 
140.5 
108.0 

85.4 
101.7 
150 

44.1 

79.1 

28.4 
107.98 

28.0& 

87.6 

82.06 
188 
127 
204.1 
282.5 
118.5 

48.1 
184 
289.5^ 

51.2 
128 
178 

89 

65.4 

90.7 



The atomic weights in the above table are carried out to as many 
decimal places as may be accepted with certainty. For many 
purposes it is sufficient to use round numbers, such as N = 14, 
Br = 80, et<;. 

The acceptance of 16 as the atomic weight of oxygen has a historic 
reason. For a long time hydrogen was taken to be 1 ; it was believed that 
the ratio of the atomic weights of hydrogen and oxygen was 1:16. Inas- 
much as the atomic weights of most elements are determined from the com* 



Digitized by VjOOQ IC 



CHLORINE. 36 

position of tbeir oxygen compounds, the basis is really O = 16 and not 
H = 1. This made no difference, so long as the proportion H : O = 1 : 16 
was considered accurate. Even when the ratio was later found to be a 
different one (according to the recent investigations of Edward W. 
MoRLET the ratio 1 : 15.88 may be regarded as quite accurately determined), 
it was still the simplest plan to preserve O = 16 as the basis, since a change 
would necessitate a complete recalculation of all the atomic weights, and 
this necessity would moreover recur as often as a new refinement of methods 
of investigation brought about a change in the ratio H : O. 



CHLOEINE. 

25. Chlorine is a greenish -yellow gas (hence its name; XXoopos 
= greenish yellow), which does not occur free in nature^ since it 
acts upon the most diverse substances at ordinary temperatures. In 
compounds, however, it occurs quite extensively. Common table- 
salt is a compound of sodium and chlorine. Various other metallic 
chlorides are also met with in nature. 

Chlorine-gas can be obtained by the direct decomposition of 
certain chlorine compounds; thus: 

l.^By the electrolysis of hydrochlorio^.j)r muriatic, ncid (i.e. 
a solution of hydrogen chloride, HCl, in water). Chlorine is given 
off at the positive pole (anode), hydrogen at the negative (cathode). 

The indirect decomposition of its compounds offers^ as in the 
case of hydrogen (§ 11), the most practicable methods of obtaining 
the element. They are all based on the oxidation of the hydrogen 
of hydrochloric acid, whereby water is formed and chlorine liber- 
ated. / 

2. Commercially^ as well as in the laboratory^ manganese di« 
oxide, MnO^ is frequently used as the oxidizing agent : 

MnO, + 4HC1 = MnCl, + 2H,0 + 2C1. 

It is very oft^n convenient to generate the hydrochloric acid 
from salt and sulphuric acid in the same vessel with the manganese 
dioxide. The two reactions thus proceed simultaneously: 

I. NaCl-fn.SO, = NaHSO,H-HCl. 
II. 4HC1 + MnO. = MnCl. + 2H,0 + 2C1. 
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3. Other commonly used oxidizing agents are chloride of lime 
and potassium bichromate, e.g.: 

K,Cr,0, + 14HC1 = 2KC1 + Cr.Cl, + 7H,0 + 601. 

4. The oxygen of the air can also serve as the oxidizing agent 
when a catalyzer is present. Fox . this pnrjpose a mixture of air 
and hydrogen chloride is passed over porous bricks at 370-400% 
which are soaked with copper sulphate solution : 

2HCl + 0=H,0-f 01,. 

This method, which is known as tho Deacon process, is used com- 
mercially. The copper sulphate is here the catalyzer. 

At the temperature of 370"-400" there is practically no reaction between 
oxygen aud hydrogen chloride without the catalyzer. That there must 
nevertheless be a reaction, although a very slow one, can be demonstrated 
by the same reasoning as in § 13. The catalyzer therefore does not cause 
a reaction, but only accelerates it. ^Ostwald compares its action to that of 
oil on the axles of a machine which move with very great friction. When 
oiled, the machine will go much faster, notwithstanding that the force of 
the spring (here the energy of the chemical reaction) has not changed. 
A farther point in the analogy is that the oil is not consumed. 

. 26. Physical Properties. — Ohlorine is yellowish green and has a 
disagreeable odor. Its specific gravity is 2.45, taking air as unity, 
or 35.45, based on = 16. 1 1. chlorine weighs, therefore, 
3.208 g. at 0° and 760 mm. pressure. At —34° it becomes liquid 
under ordinary pressure; at —102° it solidifies and crystallizes. 
Its critical temperature is 146°. Liquid and solid chlorine are 
yellow. Ohlorine gas dissolves in about one-half its volume of 
water. The aqueous solution bears the name *' chlorine water." 
It can, therefore, not be collected over water, but a saturated salt- 
solution may be used, in which it is only slightly soluble. The most 
convenient way to fill a vessel with it is by displacement of air, the 
gas being conducted to the bottom, where it remains and drives out 
the air above, because the chlorine is denser. 

27. Chemical Properties,— 'Eyen at ordinary temperatures, chlo- 
rine combines with many elements and acts on many compounds. 
If perfectly pure chlorine is mixed with an equal volume of hydro- 
gen, the two unite in direct sunlight, causing an explosion. If the 
chlorine is impure or the sunlight diffused, combination occurs 
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slowly. When a hydrogen flame is introduced into chlorine gas, it 
continues to bum, with the formation of hydrogen chloride. Many 
metals combine with chlorine with the evolution of light, e.g. cop- 
per (in the form of imitation gold-leaf), finely powdered antimony, 
molten sodium, etc. The precious metals are in general quite resistive 
to chemical action. They are, however, attacked by chlorine and 
changed to chlorides, i.e. chlorine compounds. Gold, fo r instance, 
dissolves in chlorine water, forming gold chloride. 

Chlorine also unites readily with many non-metals, e.g. phos- 
phorus, which burns in it with a pale flame to phosphorus chloride. 

The tendency of chlorine to unite with hydrogen — its so-called 
chemical attractiony or affinity, for the latter — is so strong that 
chlorine abstracts the hydrogen from many hydrogen compounds in 
order to combine with it. A_8tri^of paper dipped in turpentine 
burns with a sooty flame when introduced into an atmosphere of 
chlorine; the chlorine unites with the hydrogen of the turpentine 
and sets the carbon free. A burning candle continues to burn in 
chlorine, depositing soot (carbon) and forming hydrogen chloride. 
If sulphuretted hydrogen gas, H,S, is passed into chlorine water, 
hydrochloric acid and sulphur are formed. 

Water is also decomposed by chlorine, oxygen being liberated, 

2H,0 + 2C1, = 4HC1 -f 0,. 

This reaction takes place under the influence of sunlight, but pro- 
ceeds very slowly. A suitable apparatus 
for its demonstration is pictured in 
Fig. 13. An inverted retort is filled 
with dilute chlorine water and exposed 
to the sunlight. After a few days a 
bubble of gas collects at the top of the 

retort, and, on investigation with a ^ ^« ^ ^ 

, . ' , ., . * ^ . , Fig. 18. — Slow Decompo- 

glowmg splmter, it is found to be smroN op Water by 

oxygen. Chlorinb. 

Upon this decomposition of water depends the bleaching and disinfect- 
ing action of chlorine and those substances which generate chlorine. In 
bleaching, the coloring matters — usually of an organic nature — are oxi- 
dized by oxygen to colorless substances. Bacteria are kille<l by oxidation. 
Ordinary atmospheric oxygen does not produce these effects. Litmus, for 
instance, which is rapidly decolorized in moist chlorine gas, is totally unaf- 
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fected by the air. The particularly energetic action of the oxygen that is 
produced from water by chlorine is explained by assuming that it exists in 
an atomic condition, the status aascens, regarding which more will be said 
later (§ 38). Perfectly dry chlorine has no bleaching power. 

If water is saturated with chlorine at 0*, crystals are deposited, of the 
composition C\% 4- 8H»0, chlnrinfl bydrate. At a higher temperature these 
are wholly decomposed into chlorine and water. 

HTBBOCHLOBIC ACIB, OR HYBBOOEIT CHLOBIDE, HCl. 

28. Hydrochloric acid, of the formula HCl (§ 31), is a gas, 
occurring in nature in the free state, e.g. in the gases of some 
volcanoes. It forms an important, although small, part of the 
gastric juice of man and other animals. 

Some of its methods of formation have been already given 
(§ 28), viz., by direct synthesis from its elements, and also by the 
action of chlorine on hydrogen compounds. Moreover, it can also 
result from the action of hydrogen on some chlorine compounds, 
e.g. silver chloride, AgCl, and lead chloride, PbCl,, when heated in 
a current of hydrogen, yield metal and hydrochloric acid. 

AgCl + H = Ag + HCl. 

The ordinary method of preparation is by the action of a chlorine 
compound on a hydrogen compound, viz., that of salt (sodium 
chloride) on concentrated sulphuric acid. 

NaCl + H,SO, = NaHSO. + HCl. 

Sodium Sulphuric 
chloride. acid. 

This method is employed technically as well as in the laboratory. 

The above reaction takes place at ordinary temperatures. If the 
sulphuric acid is to be completely used up, i.e. if all the hydrogen of the 
sulphuric acid is to go off with the chlorine of the salt as hydrochloric acid, 
the temperature of the reaction must be raised {cf, also § 226): 

2NaCl + H,S04 = NatSO* + 2HC1. 

29. Physical Properties, — Hydrogen chloride is a colorless gas 
with a pungent odor. Its critical temperature is + 52.3®; the 
critical pressure 86 atmosphei-es. Liquid hydrogen chloride boils 
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»t - 83.7^; the solid melts at - 111.1°. Sp. G. of the gas = 
1.2696 (air = 1) ; 11. HCl at 0° and 760 mm. pressure weighs, 
tlierefore, 1.6533 g. The gas fumes strongly in the air, forming a 
cloud with the moisture of the air. It is very soluble in water, 1 
Tol. water at 0® being able to absorb 503 vols. HCl gas. The 
aqueous solution of the gas is called "hydrochloric acid,"* also 
^nuriatic acid. It is manufactured commercially on a large scale 
{§226). Hydrochloric acid is employed almost exclusively in the 
form of this aqueous solution. A solution saturated at 15'' contains 
42.95^ HCl and has the specific gravity 1.212; it fumes vigorously 
in the air. The ordinary pure "concentrated" or "fuming" 
muriatic acid of commerce usually has a specific gravity of 1.19 
^nd contains about 38^ HCl. 

Hydrogen chloride does not obey the law of Hekry (§ 9) in 
its behavior towards water; that is, its solubility in this liquid is not 
«t all proportional to its pressure. The larger part of it is absorbed . 
in water without reference to the pressure, and an augmentation of 
the latter causes only a small increase in the solubility. Such con- 
duct indicates that a change in the compound has occurred; just 
what this change consists in we shall soon have occasion to consider. 
When hydrogen chloride is led into water till the solution becomes 
saturated, most of it undergoes this change; only a relatively small 
part exists in solution as unchanged hydrogen chloride, and it is 
this part only that obeys Henry's law. This explains why the 
amount dissolved increases much more slowly than the pressure. 

30. The chemical properties of hydrogen chloride are found to 
be quite different when it is in a perfectly dry condition, e.g. 
condensed to a liquid, than when it is dissolved in water. In 
the former case it does not act on metals nor change the color of 
blue litmus. In the latter case just the contrary is true. Zinc, 
iron, and other metals, when dipped in the aqueous solution of 
hydrogen chloride, are vigorously attacked, hydrogen being given 
off. Blue litmus is turned red by the solution. Moreover, even 
dilute solutions taste sour. Now, there are a lot of substances that 
undergo a similar change of properties when they are brought in 
contact with water, and whose aqueous solutions possess about the 
same properties as those that are described here for hydrochloric 

* The gas itself is often called " hydrochloric acid gas.*' 
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acid. The nature of this change will be discussed later on (§ 65). 
It should be stated here, however, that these substances have a 
common name. They are called acids. Acids have one or more 
hydrogen atoms that can be replaced by metals. The compounds of 
metals that are formed by such substitution are called salts. Salts 
can result not only from the direct action of metals on acids, but 
also from the interaction of acids and bases. The term " bases " 
includes compounds of the general type MOH, where M represents 
a metal. Most of them have an alkaline taste and turn red litmus 
blue. When sodium is dropped into water, hydrogen is generated, 
and a base, sodium hydroxide, is formed : 

Na+H,0 = NaOH + H. 

If this hydroxide is now treated with hydrochloric acid, sodium 
chloride and water are produced ; 

NaOH + HCl = NaCl + H,0. 

If we indicate an acid by the general formula AH and a base 
by MOH, the formation of salts from the interaction of the two 
may be represented thus : 

MOH + HA = MA + H,0. 

A third way of forming salts is by the action of an acid upon 
a metallic oxide, e.g. : 

ZnO +.II,SO, = ZnSO, + H,0. 

Zinc Sulphuric Zinc 

oxide. acid. sulphate. 

In general, the bases are built up from metals, the acids from 
metalloids. 

When hydrochloric acid is added to a solution of a silver salt, for 
instance to silver nitrate, a decomposition of this salt takes place 
according to the equation 

AgNO, + HCI = UNO, + AgCl. 

Silver nitrate. Nitric acid. Sliver 

chloride. 

The silver chloride is insoluble, and is precipitated as a white, curdy 
mass. In this reaction the hydrochloric acid has liberated the nitric. 
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acid from its salt. It is also possible to liberate a base from a salt 
by the addition of another base : 

AgNO. + NaOH = AgOH + NaNO, 

Sliver Sodium 

hydroxide. nitrate. 

Such reactions are called single^ or simph, decompositions. 

Now it can also occur that two salts exchange their metals when 
brought together: 

NaCl + AgNO. = AgCl + NaNO,, 

Sodium 
chloride. 

80 that two other salts are obtained. Such a reaction between salts 
is called a double decomposition. 

We shall later have occasion to study the laws governing both of 
these decompositions. 



COXPOSITIOir 07 HTBROCHLOBIC ACID. LAWS 07 OAT LUS8AC AlTD 

AYO^ABBO. 

31. The composition of hydrochloric acid is determined by the 
following experiments : 

(a) Strong hydrochloric acid (i.e. above 23^) is subjected to 
electrolysis. By properly arranging the apparatus it may be seen 
that equal volumes of hydrogen and chlorine are evolved. 

{b) Equal volumes of chlorine and hydrogen unite to form 
hydrochloric acid without leaving a remainder of either element. 
2 vols. HCl are formed. Since the weight of 1 vol. CI is 35.45 
(0 = 16), hydrochloric acid must consist of 1 part by weight of 
hydrogen combined with 35.45 parts of chlorine. 

In the electrolysis of hydrochloric acid sticks of charcoal are ordinarily 
used because platinum, the substance employed in roost other electrolyses,, 
is attacked by chlorine. The apparatus of Fig. 10 is also impracticable^ 
since the solubility of chlorine in water increases with rising pressure more- 
rapidly than that of hydrogen, and equal volumes of both gases are there- 
fore not obtained. Id its place we use an apparatus suggested by Lothar. 
Mkteb (Fig. 14), by which the compression of the chlorine by a steadily ris- 
ing column of liquid is avoided. In A hydrochloric acid is electrolyzed and 
the hydrogen and chlorine are collected in the cylinders BB, which are 
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filled with a saturated sodium chloride solution. The collected gases are 
thus under diminished pressure. 

The combination of equal volumes of chlorine and hydrogen can be 
carried out in a thick- walled tube, that is filled with the gases and then 
exposed for a day to diffused sunlight. Since the success of the experiment 
requires the use of the exact proportions of chlorine and hydrogen and their 
absolute purity, the gas mixture is prepared by electrolysis in the dark and 
exposed to the action of light immediately after the tube is filled. 




Fio. 14. — Electrolysis of Hydrochloric Acid. 

The fact that hydrochloric acid gas yields a volume of hydrogen equal 
to half its own volume can also be shown in another way. When perfectly 
dry hydrogen chloride is treated with sodium amalgam— a solution of 
sodium in mercury — the sodium combines with the chlorine, setting hydro- 
gen free. The volume of the latter is then found to be half as large as 
that of the hydrochloric acid employed. 

Hydrogen and chlorine thus unite in a very simple ratio by 
volume (1:1) and the volume of their product also bears a very 
simple ratio to that of the components (2:1: 1). In discussing the 
composition of water (§ 19) we already remarked that oxygen and 
hydrogen combine in a very simple ratio by volume, viz,, 1 : 2. 

By carrying out the experiment (§ 19) at a temperature above 
100^, so that the steam is not condensed to water. It is also found 
that the volume of resulting steam is in a simple ratio to that of its 
components, viz., that 1 vol. 0+2 voK H gives 2 vols. H,0. 

The following arrangement serves this purpose (Fig. 15). The explosive 
mixture is introduced into the closed arm B of the U-tube over mercury. 
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3 is sarrouDded by a glass jacket, through which the vapor of boiling amyl 
Alcohol (generated in A), whose temperature is about 130°, is passing. This 
vapor is condensed in C, As soon as the gas mixture has reached this 
temperature, an induction spark is flashed through, and it is found that 
the volume of steam formed is two-thirds that of the mixture. 




Fig. 15. ^-Determination of the Volume-relations between Steam 
AND ITS Components. 

What was found above to be true for hydrochloric acid and for 
water is a general principle. Gaseous elements combine in simple pro- 
portions hy volume, aiid the volume of the products formed — in the 
gaseous state — also hears a simple ratio to that of the componefits. 
This law was discovered by Gay Lussac in 1808. 

This law, together with the atomic theory of Dalton, leads to 
important truths. In order to investigate the matter, let us assume 
that the formula of hydrochloric acid is HCl; in other words, that 
an atom of hydrogen is in combination with an atom of chlorine. 
Moreover, since one volume of hydrogen unites with one volume of 
chlorine to form the compound, it follows from the above assump- 
tion that equal volumes of chlorine and hydrogen contain an equal 
number of atoms. 

If the formula were otherwise, e.g. H„Cl^, the numbers of 
atoms in equal volumes of hydrogen and chlorine would be in the 
ratio ot n : m. 

In the synthesis of water 2 volumes of hydrogen and 1 volume 
of oxygen yield 2 volumes of steam. If the formula of water be 
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H,^Op, the numbers of atoms in equal volumes of hydrogen an<J 
oxygen must bear to each other the ratio n : p. 

From this it follows that a knowledge of the relation of the 
numbers of atoms that are present in equal gas volumes enables us 
to know the formulas of their compounds, provided the volume- 
ratio in which they unite is also known. 

As to the number of atoms in equal gas volumes, there was at first 
much uncertainty. Since all gases behave exactly alike towards 
changes of pressure or temperature, it was reasonable to suppose 
that the number should be alike for all gases; but this was soon 
shown to be incorrect. In the synthesis of water 3 volumes (2 vols. 
H + 1 vol. 0) give 2 volumes of steam; hence the number of 
atoms per unit volume must be different for steam than for the 
uucombined elements. However, all difficulties were overcome 
by a hypothesis, which Avogadro enunciated in 1811, to the effect 
that equal volumes of all gases at the same temperature and pressure 
contain the same number of molecnlei. 

AvoGADBO further supposes that the molecules of oxygen, hy- 
drogen, chlorine, and other elements consist of two atoms. The 
union of hydrogen and chlorine is then explained thus: Out of a 
molecule of each, two molecules of hydrochloric acid are formed : 

H, + CI, = 2HC1. 

1 vo'. 1 vol. 2 vols. 

The total number of molecules thus remains the same after the 
combination and, since the entire volume has suffered no change 
either, there must be just as many molecules present in each of the 
two volumes of hydrochloric acid as in each of the volumes of 
hydrogen and chlorine. 

The combination of hydrogen and oxygen takes place thus: 

2H, + 0, = 2H,0. 

8 vols. 1 vol. 2 vols. 

Every molecule of oxygen has split up into its two atoms, and 
each of these unites with two hydrogen atoms. The number of 
water molecules becomes therefore twice as great as that of the oxy- 
gen molecules and equal to that of the hydrogen molecules; but, 
since the volume of steam is also double that of oxygen, there must 
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be in equal volumes just as many water molecules as oxygen mole- 
•cules and hydrogen molecules. 

32. It follows from the above that Avooadro's hypothesis is of 
importance in two respects: (1) in furnishing us a means of ascer- 
taining the relative weights of the molecules of gaseous substances; 
(2) in putting us in a position to form an idea of how many atoms 
there are in the molecules. 

Let us examine both points more closely. As to (1): Since 
equal volumes of gases under the same conditions contain the same 
number of molecules, the ratio of the weights of these volumes gives 
us at once the ratio of the molecular weights. If the specific gravity 
of steam is 9, based on II = 1, and that of hydrochloric acid is 18.25, 
the ratio of the molecular weights of water and hydrochloric acid is 
9: 18.26. The determination of the specific gravity of gases and 
vapors, the vapor density, becomes therefore of the greatest impor- 
tance to chemistry. 

The specific gravity of gaseous substances is determined by weighing a 
flask, first empty, and then filled with the gas, observing all the precau- 
tions which are prescribed in physics for such determinations. 

Methods for determining the vapor density of liquid and solid 
compounds at ordinary temperatures have been devised by A. W. 
HoFMAXX and by V. Meyer, which are both rapid and conve- 
nient. 

In order to calculate the vapor density (i.e. the specific gravity 
of a substance in the form of gas), four quantities must be known : 
(1) the weight of substance that is converted into vapor; (2) the 
volume occupied by the vapor; (3) the temperature at which the 
volume is measured; (4) the pressure exerted on the vapor. 

The vapor density is usually determined by the method of Vic- 
tor Meyer. 

The apparatus required consists of a glass tube (Fig. 16) of about 4 mm. 
internal diameter in the middle, which is closed at the top with a stopper and 
has a wider cylindrical part of about 200 c.c. capacity below. This wider part 
is sealed at the bottom. Near the top a delivery-tube A is attached, which 
opens below the surface of water in 2>, under a gas-measuring tube. The ap- 
paratus is partly surrounded by a glass (or metal) jacket ending in a bulb C, 
which contains a liquid that has a higher boiling-point than the substance 
whose vapor-density is to be determined. This liquid is heated to boiling ; 
the air in the apparatus of course expands ; soon a point is reached at 
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which no more bubbles leave the delivery-tube, indicating that the air in 
the lower part has reached a constant temperature,— approximately that 
of the vapor of the boiling liquid. The graduated tube, 
filled with water, is now placed over the mouth of the 
deli very- tube, the stopper removed, a weighed quantity 
of the substance in question (usually in a small glass 
tube) dropped in and the stopper at once replaced. The 
substance vaporizes quickly in the hot lower part of B, 
Its vapor forces a volume of air, equal to its own, out 
of the apparatus, and this^is collected in the graduated 
tube. The air in the heated part of the apparatus is at 
the temperature of the latter, but in the measuring-tube 
it takes on the temperature of the room, a fact which 
must be considered in the calculation. The experiment 
^ gives us therefore a volume of air equal to the volume 
which the weighed quantity of substance would occupy 
in the form of a gas, if it were possible to convert it to 
the gaseous condition at ordinary temperature and 
pressure. 

This method leaves nothing to be desired in the way 
of convenience in execution. Another advantage which 
it has over others is that the temperature need not be 
known, to which the apparatus is heated. Indeed, no 
attention is paid to this in the calculation. It is only 
necessary that the temperature remain constant during 
the experiment. 

The calculation is as follows : g mg. of substance 
were weighed out and found to yield Ke.c. air (measured 

tover water, the water-level outside and inside the tube 
being the same) ; tlie barometer height is /f, the tem- 
perature ^, and the tension of water vapor at this teni- 
C perature 6. The g rag. of substance, in other words, oc- 

cupy a volume of Fee. at a pressure of H--b mm. and 

V, so that under these conditions ^-mg. are contained 



Ffo. 16.— Victor 
Meyer Vapor- 

DBNBITT ApPA- 
KATUS. 



in the unit volume (1 c.c), 
1 c. c. hydrogen at H—b mm. pressure and t* weighs 



0.0895 H--b 

1 + 0.00367 t 760 ' 



which gives as the vapor density 2) ( H = 1 ) 

D=^ 14^0^00362^^ 760 
V ' 0.0«95 if— 6' 
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The method of Victor Meter is generally unavaihible where the sub- 
stance iu question decomposes on boiling under ordinary pressure. Such 
substances can often be vaporized at a lower pressure without decomposi- 
tion. In determining their vapoi^-densities the method of Hofmann can be 
employed, which was in general use before Victor Meyer devised his 
method, but is uow very seldom used, since it is so inconvenient. In the 
Hofmann method a weighed quantity of substance, enclosed in a very small 
bottle with ground stopper, is introduced into the vacuum of a barometer- 
tube. The latter is surrounded by a glass jacket, through which the vapor 
of a boiling liquid flows, whose boiling-point is above that of the sub- 
stance concerned. The volume of vajx)r, the height of the mercury, the 
air-pressure and the temperature furnish the required data. 

As to (2) : In order to understand how Avogadro's hypothesis 
can furnish an idea of the number of atoms which the molecules of 
elements and of compounds contain, let us now return to the ex- 
ample of the synthesis of hydrochloric acid. One vol. hydrogen 
unites with 1 vol. chlorine to form 2 vols, hydrochloric acid. Ac- 
cording to the above law there must be just as many molecules 
present in the two volumes of hydrocLioric acid as molecules 
of hydrogen and chlorine together. It is evident that this is 
only possible when the molecules of hydrogen and of chlorine divide 
into two parts. For, if the chlorine and the hydrogen molecules 
consisted of only one atom each, the volume of hydrochloric acid 
could not, in accordance with Avogadro's law, be double that of 
its elements, but would have to be equal to it. It therefore follows 
that an even number of atoms must be present in the chlorine and 
in the hydrogen molecules; whether or not this number is two, as 
Avogadro assumed, can evidently not yet be determined; we shall 
therefore represent the molecules of hydrogen and of chlorine by 
H„ and Cl,^. From the synthesis of water the same conclusion is 
reached in regard to the oxygen molecule : 2 vols, hydrogen unite 
with 1 vol. oxygen to form 2 vols, steam. In each of these two 
volumes of steam there must be, according to Avogadro's law, 
just as many molecules present as in the one volume of oxygen. This 
is likewise impossible unless the oxygen molecule splits into two 
parts, each of which combines with a molecule of hydrogen, so that 
we obtain. H^^^O, as the formula of water and 0,^ as that of the oxy • 
gen molecule. 

33. The formulae for hydrochloric acid, for water and for the 
molecules of hydrogen, chlorine and oxygen can be fully established. 
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if the values x, y, and z are known. These can be ascertained gen- 
erally in the following way: x must be at least equal to 1; if this is 
the case, the molecule of hydrogen becomes H,. That a smaller 
number of atoms is impossible is shown by the synthesis of hydro- 
chloric acid. The vapor densities of a series of hydrogen com- 
pounds, as compared with that of hydrogen, are then determined, 
from which we can find their molecular weights, based on the 
hydrogen molecule as unity. Thereupon these compounds are 
analyzed and the amount of hydrogen calculated that is repre- 
sented in the different molecular weights. It will then be found 
that in no case is the amount less than half of that in a molecule 
of hydrogen. Since therefore no compound contains less than half 
a molecule of hydrogen, the atomic weight of hydrogen must be 
half its molecular weight, i.e. the formula of the hydrogen mole- 
cule is H,. Similarly it is found that the oxygen molecule is 0,, 
that of chlorine CI, ; in other words, that x, y, and z are all equal 
to 1. 

Examples : {a) 1 1. hydrochloric acid weighs 18.25, when the 
weight of 1 1. hydrogen is 1. Now in 18.25 parts, by weight, of 
hydrochloric acid there are 0.5 parts of hydrogen, since 2 vols, (alto- 
gether 36.5 parts, by weight) hydrochloric acid are formed from 1 
vol. (1 part) hydrogen and 1 vol. (35.5 parts) chlorine. In the 
hydrochloric-acid gas there is therefore half as much hydrogen per 
unit volume (molecule) as in a molecule of the latter. 

(h) 1 1. steam weighs 9, when the weight of 1 1. hydrogen is 1. 
According to analysis and synthesis, 9 parts, by weight, of water con- 
sists of 1 part of hydrogen and 8 parts of oxygen. The amount of 
hydrogen contained in one molecule of water is therefore equal to 
that in a molecule of hydrogen. The amount of oxygen per unit 
volume (molecule) in water is, however, only half a molecule, for 
1 1. oxygen weighs 16 when the same volume of hydrogen weighs 1. 



RULES FOR DETERMINING MOLECULAR AND ATOMIC 
WEIGHTS. 

34. When the atomic weight of hydrogen is taken as unity, its 
molecular weight is 2. If the specilBc gravity of another gas based 
on hydrogen is a, its molecules weigh a times as much as those of 
hydrogen, so that the molecular weight of this gas becomes 2a. The 
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following rule has therefore been prescribed for the determination 
of the molecolar weight. Determine the vapor density of the com- 
pound, based on hydrogen, and multiply the result by 2; the product 
is the molecular weight. 

For determining the atomic weight the following holds good, ac- 
cording to § 33: Determine the composition of molecular amounts of 
^as many compounds oftheeleimnt as possible; the smallest amount 
of the dement that is found is the atomic weight. 

S5. AvoGADRO^s hypothesis has been confirmed from a physical stand- 
point. It is at present one of the principal laws of chemistry and physics. 
Let us briefly examine, among others, the physical arguments in its favor. 
The molecules of bodies, solids as well as liquids and ^ases. are in constant 
motion, the intensity of which increases and decreases with the tempera- 
ture. In different substances at the same temperature there must be a defi- 
nite relation between the intensities of the molecular movements. This rela- 
tion has been successfully worked out from the theory in the case of gaseous 
substances (§22, 8). It has been shown that in all gases at the same tem- 
perature the mean kinetic energy of translation of a molecule is the same. 

The pressure which a gas exerts against the walls of the vessel is 
caused by the impact of the molecules. We will call the number of mole- 
cules in a volume of the gas n, their mass m and their mean velocity u. 
It is then clear that the gas pressure — the above explanation of its cause 
being accepted— must be proportional to n and m. Moreover the pressure 
must also be proportional to u', for if the velocity were increased the 
■enclosing walls would receive more impacts from the molecules moving to 
and fro, and every impact would also become stronger. The gns pressure 
is therefore proportional to the product nmu^\ the theory says that 

p = \nmu^, or w = — ^. 
mu* 

In this expression mu* is twice the kinetic energy of translation of 

molecules, which is the same for all gases at the same temperature. If 

then p is made the same for the different gases, . ZL, or n, the number of 

mu^ 

molecules per unit volume, must be the same for all gases. 

OZONE. 

36. As early as 1785 yak Maruh observed that when an elec- 
tric spark passes through oxygen a peculiar^ ^' garlic-like " odor is 
given off, and a bright mercury surface is at once made dull. Schon- 
BEIN investigated this phenomenon more carefully, and found that 
itifidue to the formation of a peculiar substance, which he called 
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ozone. This proved to bo oxygen existing in a peculiar condition. 
The fact, demonstrated by Makignac, that it really consists of 
nothing but oxygen is shown by its formation from perfectly dry 
oxygen under the influence of electric discharges, e.g. induction: 
sparks. The amount of ozone thus formed is nevertheless small. 
It is greater when silent discharges are used. This is one of the 
best ways of obtaining ozone; at best, however, it yields only 5.6^. 
Fig. 17 represents the apparatus constructed for this purpose by 
Berthelot. 

The wide tube/, together with the supply tube d and the exit 
tube e, are sunk in a vessel of sulphuric 
acid, into which the pole of the in- 
ductor is dipped. The other wire a of 
the latter ends in a tube c, which is 
slipped down inside / and is almost 
entirely filled. The silent discharge 
between the two bodies of sulphun> 
acid thus passes through a thin layer 
of oxygen and has a powerful ozonizing 
effect. 

Ozone is formed in many reactions,, 
such as the slow oxidation of moist 
phosphorus; also in a smsill quantity,, 
when hydrogen burns in an atmos- 
phere of oxygen. The oxygen that is 
obtained by the electrolysis of dilute 
sulphuric acid always contains it. 
Ozone is also given off by the decom- 
position of permanganic acid that is set free in the reaction of 
potassium permanganate and concentracted sulphuric acid {cf. 
also § 52). 

Physical Properties. — At ordinary temperatures ozone is a gas 
of a peculiar odor, having a bluish color in thick layers. By com- 
pressing it (si w 1 y, to avoid warming) at a low temperature, or 
by cooling it through the evaporation of liquid oxygen, it can be 
condensed to an indigo-blue liquid, which can be separated fairly 
well from the more volatile oxygen by fractional distillation. Ozone 
boils under normal pressure at — 119°. 

Chemical Properties. — Ozone is characterized above all by its. 




-Preparation of 
Ozone. 
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ability to oxidize yigoronsly at ordinary temperatures, especially in 
the presence of moisture. Phosphorus, sulphur, and arsenic are 
oxidized to phosphoric acid, sulphuric acid, and arsenic acid, respec- 
tively, ammonia to nitric acid, and silver and lead to peroxides; 
iodine is deposited from a solution of potassium iodide: 



2KI 



+ H,0 + = 2K0H + 21. 



Organic substances are strongly oxidized by ozone, hence no 
apparatus containing it should have connections of rubber. Dye- 
stuff solutions, like indigo and litmus, are decolorized (by oxida- 
tion). Ozone effectively destroys micro-organisms, and is therefore 
used successfully in the sterilization of drinking-water. 

Some of these oxidation phenomena can be used for the detection of 
ozone, particularly those in which colored compounds are formed. A strip 
of paper saturated with a weak solution of starch and potassium iodide 
turns blue in ozone, the iodine combining with starch to form a blue sub- 
stance. There are, however, many other snbstances (chlorine, bromine, 
oxides of nitrogen), which liberate iodine from potassium iodide ; hence 
the following is a safer test for ozone : A strip of violet litmus paper, after 
being dipped in the iodide solution, is held in the gas to be tested for 
ozone ; if ozone is present, there is formed, besides iodine (compare the 
above equation) potassium hydrate, which turns the litmus paper blue. 
Strips of paper upon which thallous hydrate has been placed turn brown 
in ozone ; black lead sulphide is oxidized to white lead sulphate, etc. The 
action of ozone on mercury is very characteristic ; slight traces deprive the 
metal of its mobility and its lustre and cause it to adhere to glass, forming 
a reflective surface. An alkaline solution of m-phenylene diamine be* 
comes bordeaux red in ozone ; neither hydrogen peroxide nor nitrous acid, 
both of which give many other reactions similar to ozone, show this color 
test ; it is therefore useful in identifying ozone in the presence of these two 
compounds. 

Ozone is stable at ordinary temperatures, but is easily changed 
to oxygen on heating. It is slightly soluble in water. 

FOBMTJLA OF OZOHE. 

37. The determination of the formula of ozone was attended 
with great difficulties, because it is hardly possible to obtain the 
substance in a pure state; only mixtures of oxygen an4 ozone could 
be investigated. It has, however, been possible to prove that the 
molecule of ozone contains three atoms of oxygen, while that of 
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ordinary oxygen possesses only two. This is based upon the fol- 
lowing facts: 

When oxygen is partially converted to ozone, its Tolume 
decreases; on heating this ozonized oxygen, it regains its original 
volume. This decrease of volume unquestionably shows that the 
ozone molecules do not consist of single oxygen atoms, since — ac- 
cording to AvOG ADRo's law — the volume would then have to increase 
when ozone is formed. The volume of ozone produced can be deter- 
mined by dissolving it in turpentine or oil of cinnamon. Let this 
volume of ozone per 1 1. ozonized oxygen beacm.^ If another 
portion of this ozonized oxygen is now heated, in order to reconvert 
all the ozone into ordinary oxygen, it is found that the increase of 
volume per 1 1. is ^ a cm J. It follows from this that a vols, ozone 
give 1^ a vols, ordinary oxygen, i.e. that the specific gravity of ozone 
must be 1.5 times as great as that of oxygen. If this is the case, 
the ozone molecule must weigh one-half as much again as that of 
oxygen. If the latter is 0,, the former must be 0,. 

In an oxidation by ozone the volume of the ozoniferous gas 
remains unchanged. Only the third atom in 0, has oxidizing 
power, not all three atoms of the molecule. 

In ozone we have become acquainted with oxygen that is 
different from the ordinary kind. This phenomenon is also seen in 
other elements ; it is called allotropism. 

HYDROGEH PEROXIDE. H,0,. 

38. This compound is usually prepared by treating barium per- 
oxide with dilute sulphuric acid: 

BaO, + H,SO, = BaSO, + H.O,. 

Barium Insoluble, 

peroxide. 

Finely powdered barium peroxide is added to the dilute acid and a dilute 
solution of hydrogen peroxide is obtained. Since barium peroxide always 
contains traces of iron, manganese, aluminium, and other oxides, that 
cause decomposition during the subsequent process of concentration, these 
must be removed,— preferably by addition of a little baryta water, which 
precipitates them. This is filtered and the excess of baryta in the filtrate 
is precipitated by the exact amount of dilute acid and removed, after 
which the aqueous solution is concentrated. To obtain hydrogen peroxide 



Digitized by VjOOQ IC 



H7DR0QEN PEROXIDE. 63 

free from water, it is fractionated in vacuo, Thenard, the discoverer of this 
compound, concentrated the aqueous solution by placing it in a vacuum over 
sulphuric acid. 

Hydrogen peroxide is also formed in many other ways; e.g. 
together with ozone (§36) in the slow oxidation of phosphorus; by 
the combustion of hydrogen, when the flame is cooled by a piece 
of ice. The formation of ozone has been often detected when 
hydrogen in the nascent state comes in contact with oxygen mole- 
cules. We suppose that in the moment just after hydrogen is set 
free, its atoms have not yet united to form molecules, so that the 
individual atoms possess unusual chemical activity. This is the 
general conception of the status nascendi. Thus Traube has 
observed the following instances of the production of hydrogen 
peroxide: Zinc-filings, when shaken with water and oxygen or air, 
give hydrogen peroxide, since the zinc and the water generate a small 
((Uantity of hydrdgen, which unites with the oxygen. Palladium 
liydride behaves likewise when brought in contact with water and 
air. In this case it is the hydrogen released from the palladium 
compound that unites with oxygen. Many metals, such as copper, 
lead and iron, yield hydrogen peroxide on shaking them with air 
and dilute sulphuric acid, for the same reason as in the case of zinc 
and water. Finally, the peroxide is formed in the electrolysis of 
water, when a current of air or, better, oxygen passes over the 
negative electrode (at which hydrogen is evolved). 

The presence of hydrogen peroxide in many oxidations has led to the 
supposition that it plays a r61e in all oxidizing processes, it being thought 
that hydrogen peroxide is first formed and that it then gives up its oxygen 
for oxidation. According to this view oxidation would be impossible where 
no water or hydrogen compound is present. In reality it has been deter- 
mined that, if all moisture is excluded, combination with oxygen frequently 
does not take place. A piece of phosphorus, for example, which ignites in 
moist air at a rather low temperature, can be heated up to 150** in an 
atmosphere of oxygen, without taking fire, if the oxygen has been dried by 
phosphorus pentoxide. Carbon monoxide, CO, burns with much greater 
difficulty in dry than in moist ox3'gen (§ 183). On the other hand, the fact 
that combustion really occurs to some extent even in dry oxygen speaks 
against the above supposition. To this one may, of course, reply that it is 
never possible to remove every trace of moisture; one molecule of water 
would be sufficient to bring about the reaction, and the retardation of reac- 
tions, when the oxygen used is most carefully dried, could be attributed to. 
the fact that only extremely minute traces of water are present. 



Digitized by VjOOQ IC 



54 INORGANIC CEEMIBTRT. 

Physical Properties. — In the pure anhydrous condition hydrogen 
peroxide is a colorless, slightly viscid liquid^ having a specific 
gravity of 1.4584 at 0°, based on water at 4°. (A density calcu- 
lated on this basis is indicated by d^"", ) 

CJiemical Properties. — Hydrogen peroxide, when wholly free 
from impurities, especially from suspended particles of solid matter, 
is quite stable and can be distilled in vacuo; when impure, it 
decomposes quite rapidly, however, into water and oxygen, as it also 
does in dilute solution. In the latter state it is more stable in the 
presence of traces of acid than in the presence of bases. It is an 
interesting fact that it decomposes rapidly in contact with powdered 
substances, apparently without acting upon them. Finely divided 
silver, gold, platinum (platinum black), and especially manganese 
dioxide decompose it with effervescence (due to escaping oxygen). 
Even rough surfaces have a disturbing effect; Bruhl observed, for 
instance, that a concentrated solution of hydrogen peroxide evolves 
oxygen when poured upon ground glass. All these actions must 
be regarded as catalytic accelerations of the ordinarily very slow 
decomposition of hydrogen peroxide. The effect of heat is here, 
as elsewhere, to accelerate the reaction, water and oxygen being 
formed ; concentrated preparations are often exploded thereby. 

The oxidizing action of hydrogen peroxide is an important 
chemical property. This is always due to the surrender of an 
oxygen atom, which effects the oxidation, while water remains. 
Lead sulphide, PbS, is oxidized by a weak solution of hydrogen 
peroxide to lead sulphate, PbSO^ ; sulphuretted hydrogen, H,S, 
is made to deposit sulphur, water being formed. Barium, stron- 
tium, and calcium hydroxides, Ba(OH)„ Sr(OH),, and Ca(OH),, 
are precipitated by dilute hydrogen peroxide from their solutions 
as peroxides of the general formula MO,, n. aq.* The color- 
less solution of titanium dioxide in concentrated sulphuric acid is 
turned orange-red by hydrogen peroxide — lemon-yellow by traces of it 
— on account of the formation of yellow trioxide, TiO,. This is a 
delicate test for hydrogen peroxide. Other tests are found in the 
following oxidation reactions: Potassium iodide starch-paste is at 
once turned blue by hydrogen peroxide in the presence of a little 
ferrous sulphate, FeSO^. Other oxidizing agents are also able to set 

* Aq. {aqua), a frequently used abbreviation for 1 molecule H,0. 
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iodine free from potassium iodide (§ 36)^ but not in the presence 
of ferrous sulphate (which is itself easily oxidized). A yery char- 
acteristic reaction is this : Chromic acid solution (H,CrO^) when 
treated with hydrogen peroxide, is changed to a higher oxide (see 
f 295) which is blue in aqueous solution and may be taken up by ether 
if shaken with the latter. This test is, however, less delicate than 
the two preceding. 

A third group of chemical effects of hydrogen peroxide depends 
on its reducing power. When silver oxide is introduced into a solu- 
tion of hydrogen peroxide, a vigorous evolution of oxygen occurs, 
-water and metallic silver being formed at the same time. Potas- 
sium permanganate solution loses its color when mixed with a 
hydrogen peroxide solution acidulated by sulphuric acid, oxygen 
being given off rapidly. 

IJKMnO, + 3H,S0, + 6H,0. = K,SO, + 2MnS0,-f 8H,0 + 50,. 

The brown peroxide of lead, PbO„ is reduced to reddish-yellow 
lead oxide, PbO. 

Ozone and hydrogen peroxide yield water and oxygen; when 
<]ilute, tbey are, however, able to exist side by side. 

There is a test for hydrogen peroxide, depending on its reducing power, 
which is even more delicate than those described above. A mixed solution 
of ferric chloride and I'ed prussiate of potash has a red color. On the 
addition of hydrogen peroxide prussian blue is precipitated. Traces of the 
peroxide turn the solution green. 

The ability of so powerfully oxidizing a substance as hydrogen 
peroxide to act also as a reducing agent can be explained as follows : 
One of its two oxygen atoms must be loosely joined to the mole- 
oule, since it is easily given up. All the substances which are 
reduced by hydrogen peroxide, also have one loosely held oxygen 
atom ; silver oxide, potassium permanganate, ozone and others give 
up tbeir oxygen at rather low temperatures. It is therefore pos- 
sible that the mutual attraction of the oxygen atoms, which tends 
to make them form oxygen molecules, is stronger than the force 
by which they are held in hydrogen peroxide on the one hand, and 
the respective oxygen compound on the other. 

Uses of Hydrogen Peroxide. —The colors of old paintings are often 
restored by means of it. The darkening of them is due in many cases to 
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the transformation of white lead, PbSOi, to black lead sulphide. The lat- 
ter is readily oxidized by hydrogen peroxide back to white lead sulphate. 
Hydrogen peroxide is also of value in bleaching ivory, silk, feathers, hair, 
bristles and sponges. It is also important in analysis. 

39. The composition of hydrogen peroxide was established by 
Thenard as early as 1818. He first concentrated it in a vacuum 
and then introduced a weighed amount of it (enclosed in vial) into 
a graduated barometer-tube over mercury. The vial was then 
broken and its contents decomposed by heating the tube from 
without or allowing finely powdered manganese dioxide to rise in 
the tube. It was thus found that very nearly 17 parts of hydrogen 
peroxide by weight yield 8 parts of oxygen, water being also 
formed. One atom of oxygen (16 parts by weight) is therefore 
obtained from 34 parts of hydrogen peroxide, the remaining 18 
parts forming water ; in other words, hydrogen peroxide is 1 
molecule H,0 + 1 atom 0. The peroxide therefore contains one 
atom of oxygen to every hydrogen atom. Its simplest formula 
(the so-called empirical formula) is then HO. Whether this also 
expresses the molecule or whether the latter is a multiple of it, 
remains to be determined by finding the molecular weight, inas- 
much as every compound of the general formula (HO)^ possesses 
the same composition, viz., 16 parts by weight of oxygen to 1 part 
of hydrogen. 

On account of the instability of this substance its vapor density 
can not well be determined. It was therefore necessary, in finding 
its molecular weight, to follow another course, which is based on 
the properties of dilute solutions. In this manner the molecule of 
hydrogen peroxide was found to possess the formula H,0,. The 
method referred to is explained in the following sections. 

MOLECULAR WEIGHT FROM THE MEASUREMENT OF 

THE DEPRESSIOH OF THE FREEZIHO-FOIHT AHD 

ELEVATION OF THE BOILIHG-POIHT. 

40. Certain membranes possess the peculiar property of allow- 
ing a solvent, e.g. water, to pass through, but not the dissolved 
substances. They bear the name *^ semi-peiffieable membranes/! 
This property appears to depend not so much on a sort of sieve, 
action as upon the ability of the membrane to dissolve, or else ta ' 
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absorb or loosely combine with, the solvent on one side and release it 
again on the other while the dissolyed matter remains behind. One 
of the ways of obtaining a semi-permeable partition is by dipping a 
porous cup — such as is used in galvanic cells — containing a solution 
of yellow prussiate of potash into a solution of blue vitriol. A thin 
layer of copper ferrocyanide is thereby formed in the wall of the 
cup, making it semi-permeable. If a dilute sugar solution, salt 
solution or the like be poured into such a cup and the cup placed 
in a dish of water, it will be found that the dissolved substance does 
not diffuse through this sort of a partition. The water does go 
through, however, for if the cup be closed with a perforated stop- 
per through which a glass tube passes and then dipped deep 
enough under water so that the entire cup is submerged, the water 
will be seen to rise slowly in the tube till it reaches a definite 
height. 

The pressure exerted by this column of liquid is called the 
osmotic pressure of the solution. If a tight-fitting piston were in- 
serted in the cup, the force which one would have to exert on it to 
preyent the infiltration of the water would be equal to the pressure 
of the column of liquid, for the water continues to rise in the tube 
till the pressure of the column prevents the entrance of any more. 
According to researches of van't Hoff the osmotic pressure, like 
the pressure of gases, obeys the laws of Boyle and Gay Lussac. 

If the pressure exerted at a certain temperature by a kg. of a gas 
in a vessel be p, the pressure which na kg. of the gas at the same 
temperature exerts in the same vessel is np. The concentration^ i.e. 
density, of the gas has been multiplied 72-fold. 

If the osmotic pressure of a solution containing a per cent of a sub- 
stance be determined and found to be p^ the osmotic pressure will 
be np, if an na per cent solution of the same temperature be taken, 
i.e. if the concentration be n times as great. 

An investigation of the pressures which a gas of constant volume 
exerts at the absolute temperatures jT, and T^ shows that these 
pressures bear to each other the ratio T, : T,. The same proportion 
is observed when the osmotic pressure of a solution of constant 
concentration is measured at the same absolute temperatures as 
above. 

41. The proof of the last statement is furnished by thermodynamics. 
The existence of a definite ratio between the osmotic pressure and the con- 
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centration of dilute solntions can be demonstrated in the following wayr 
The pressure which a gas exerts on the walls of the containing vessel is- 
due to the impacts of the molecules of the gas against them. Similarly the 
osmotic pressure can be considered as caused by the impacts of molecules 
of the dissolved substance upon the semi-permeable partition. The mole- 
cules of the solvent which come in contact with the partition can produce 
no pressure, since they are able to pass through freely. If the concentra- 
tion is increased n-fold, n times as many molecules of the dissolved sub- 
stance will strike against the partition in the unit of time and the pressure 
will become n times as great. From this it follows that the law of Botle 
strictly applies only to dilute solutions. Concentrated solutions, like gases 
under high pressure, behave differently. The same may be asserted in 
regard to Gay Lussac's law. 

The laws of osmotic pressure find experimental confirmation in measure- 
ments which were made by Pfbffer previous to van^t Hoff'b enunciation 
of the laws. Pfeffer investigated dilute sugar solutions and used an 
apparatus not unlike the one just described. 

The gas laws are expressed by the equation 

PV=RT, (1> 

in which P represents the pressure, V the volume, and T the absolute tem- 
perature of a gas, while R is a constant. The volume, F, is inversely pro- 
portional to the concentration, according to the above definition; therefore 

^ may be substituted for F, if C indicates the concentration. The above 
equation then becomes 



or, at a constant temperature. 



J=/er, 



P 

^ = Const. 



This equation must also be applicable to osmotic pressure. This was 
really the case in Pfeffer's measurements of aqueous sugar solutions 
of different concentrations, as may be seen from the following brief 
table. The temperature varied between 13.5° and 16.1*, and hence was not 
perfectly constant : 



1% 


535 mm. 


535 


2% 


1016 ** 


508 


A% 


2082 ** 


521 


Q% 


3075 *» 


513 
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p 

The differences in the values of ^i ^^^^ ^ ascribed to the yariations of 

temperature and the unusual experimental difficulties which attend such 
measurements. 

From equation (1) it also follows, when F (or C) is a constant, that 

-=, = Const. 

This conclusion, too, was demonstrated experimentally by Pfeffeb m 
the case of sugar solution, as may be seen from the following table. K. 
one per cent solution was used : 

P- T. f- 



510 


287.15 


1.7761 


520.5 


288.5 


1.8041 


544 


305 


1.7836 


567 


809 


1.8349 



Van't Hofp has further shown that the numerical value of the 
osmotic pressure is the same as that of the gas pressure ; that is to 
say, when a definite amount of a substance in the gaseous state 
occupies a giyen volume, the gas pressure which it exerts is just as 
great as the osmotic pressure which would be produced if the same 
amount of substance were dissolved in a liquid making the same 
volume of solution. 

The measurements of Pfeffer also furnished experimental proof for 
this. He found that a 1 per cent sugar solution at 7* exerts a pressure of 
I of an atmosphere. Such a solution contains 1 g. sugar in 100.6 c.c. 
Since the molecular weight of sugar is 842, one gram is the 842d part of 
a gram-molecule. If, then, there is really an equality between the osmotic 
and the gas pressures, j{y gram-molecule of any given gas occupying 100.(( 
c.c. at 7* must exert a pressure of i of an atmosphere ; liy gram-mole- 
cule of a gas whose molecular weight is a therefore weighs gTo S* ^^ ^^ow 

we calculate the weight of 100.6 c.c. of this gas at T and 1 atm. pressure,, 
we find it to be ia x 0.00879 g., since 0.00879 g. is the weight of 100.6 cc 
hydrogen at the above temperature and pressure. 

The pressure which ^ g-i filling this volume, exerts is therefore^ 

a 
found by dividing ^^-2 l>y i^ x 0.00879, thus : 

a 1 

842 4a X 0.00879 = * atmosphere, 

from which the equality of gas pressure and osmotic pressure is evident. 
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42. It follows from the preceding that Ayogadbo's law must aUo 
hold for dilute solutions. Assuming that an equal number of mole- 
cules of different substances are dissolved in equal volumes at the 
same temperature^ we know from the equality of gas pressure and 
osmotic pressure that the various substances will exert the same 
osmotic pressure; inversely, in equal volumes of solution having 
£iie same temperature and osmotic pressure there is the same 
number of molecules. 

This is a very important extension of Avogadro's law. It not 
only becomes possible to compare with each other the weights of 
equal gas volumes at the same temperature, and deduce therefrom 
the molecular weight, but we also know that in solutions of the 
same temperature and the same osmotic pressure the quantities of 
the dissolved substances contained in equal volumes of solution are 
to each other as their molecular weights. 

Just as it is possible to ascertain the molecular weights of 
gaseous bodies from determinations of temperature, pressure, 
weight and volume, it is also possible to find those of substances 
in dilute solution by measuring the volume of liquid, the tempera- 
ture, the quantity dissolved and the osmotic pressure. The 
molecular weights of all substances that dissolve in some liquid or 
other can be determined in this way, and, since the number of 
soluble substances is very large, there are not a few whose molec- 
ular weights were first determined in this way. 

In working out this method, however, there is a practical 
difficulty. The osmotic pressure is very hard to determine 
directly. This would render the whole method of little value, if it 
were not for the fact that the calculation only requires that it be 
known whether two solutions have the same osmotic pressure, not 
the absolute amount of the latter; the law of Avogadro simply 
requires the equality of volume, of temperature and of pressure 
(osmotic or gas), without regard for the absolute value of these 
factors (between certain limits). Now, it is easy to measure 
magnitudes which are proportional to the osmotic pressure, and 
from which it may be seen whether equality of osmotic pressure 
exists or not. These magnitudes are the depression of the freecing- 
point and the eleyation of the boiling-point. An explanation of 
these terms is perhaps necessary : — When a substance is dissolved in a 
liquid the maximum tension of the vapor is less above the solution 
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than above the pure solvent at the same temperature, for the 
particles of the dissolved body attract the molecules of the solvent, 
hindering the formation of vapor on the one hand, and, on the other 
hand, facilitating the return of vapor molecules into the liquid. This 
lowering of the vapor pressure necessarily causes a depression of 
the freezing-point and an elevation of the boiling-point, as may be 
proved by the following diagrams. In Fig. 18, ahc represents the 
vapor-pressure curve of a solvent in the neighborhood of its 
freezing-point b\ i..c part ah gives the pressures for the frozen 
matter; the part be for the liquid solvent. This latter part is 




7V 




Fig. 18. 



Fig. 19. 



always more nearly horizontal than the former, as has been proved 
both experimentally and theoretically. The freezing-point of a 
liquid is that temperature at which the solid and liquid states can 
exist side by side indefinitely. This condition requires that the solid 
and the liquid substance have the same vapor tension. If, for in- 
stance, the vapor tension of the solid were greater than that of the 
liquid, we should have, at a constant temperature, the vapor given 
off from the solid condensing to a liquid and the former gradually 
transformed into the latter. Inversely, if the vapor tension of the 
solid were less than that of the liquid, the entire liquid would, 
under similar conditions, solidify. 

The freezing-point b can thus be regarded as the intersection of 
the vapor-pressure curves ab and be of the solid and the liquid re- 
spectively. Let us now consider the curve Vc' of a solution. Its 
vapor pressure is lower than that of the pure solvent, so its inter- 
section with the curve ab must lie more to the left, that is, its 
freezing-point is lowered. On the other hand, the boiling-point 
of a solution is that temperature at which the tension of its vapor 
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equals ODe atmosphere. If Od in Fig. 19 represents this tension, a 
line dd' parallel to the axis of abscissas will intersect the vapor- 
pressure curve ac of the pure solvent at a lower temperature than 
it will the curve a'c' of the solution. The latter must, therefore, 
have a higher boiling-point. 

The differences in the freezing- and boiling-points of a liquid 
before and after the dissolving of a substance are indicated by the 
above terms. 

43. The connection between these magnitudes and the osmotic pressure 
will be better understood after the following considerations: 

1. Solutions in the same solvent^ separated by a semi-permeable parti- 
tion, ean only be in equilibrium when they are isotoniCy i,e. when they exert 
the same osmotic pressure. 

Let us imagine the solutions in an apparatus consisting of two cylinders 
that are connected by a tube containing a semi-permeable partition. In 
both cylinders the level of liquid is kept at the same height constantly by 
adding or removing some from time to time. 

The solution with the greater osmotic pressure will extract solvent from 
the other, for, because of the stronger pressure which the dissolved mole- 
cules exert upon the free surface of the liquid, the first solution will 
endeavor to increase in volume at the expense of the second. Equilibrium 
will be established so soon as the same pressure is exerted by the dissolved 
molecules upon the unit area of the free surfaces of the liquids from both 
sides of the semi-permeable partition; in other words, when the solutions 
are isotonic. 

2. Isotonic solutions urith the same solvent have the same vapor tension 
at the same temperature. 

The proof of this statement lies in the contradiction to which the 
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Fig. 20. 
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Fig. 21. 



assumption that isotonic solutions have unequal vapor tensions leads. The 
accompanying diagram, Fig. 20, represents a closed vessel, that is sepa- 
rated by the semi-permeable partition HH into two parts, which contain 
the isotonic solutions A and B. Near the top the two parts are con- 
nected with each other. Assuming that the vapor tension of A is greater 
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than that of B^ vapor must pass out of A and condense in B ; the result is 
that A becomes more concentrated, B more dilute, and they are no longer 
isotonic. In such a case, according to the first principle, the solvent 
would then begin to pass through HH from Bio A. The assumption of 
perpetual motion which is thus made necessary can only be avoided by 
supposing that the vapor tension is the same. 

3. Isotonic solutions with the same solvent have the same freezing- 
point. 

Let us again take the same apparatus, containing, in addition to the 
isotonic solutions A and B, a piece, C, of the solvent in the solid state 
(Fig. 21). Assuming that A and have the same vapor tension, we 
should have, according to definition (see § 42), the temperature of the 
freezing-point of A, However, if A and B are isotonic they have the same 
Tapor tension ; B will, therefore, have the same vapor tension as C. Hence 
B and C must also be at the temp>erature8 of their freezing-point. At 
their freezing-points A and B, therefore, have the same temperature as C, 
i.e. they possess the same freezing-point. 

4. Isotonic solutions toith the same solvent Jiave the same boiling' 
point. 

As we saw in §42, the boiling-point of a solution is that temperature at 
which the tension of its vapor equals one atmosphere. Two solutions with 
a common solvent, therefore, have the same vapor tension at their boiling- 
point. Now, it was shown above that solutions having the same tempera- 
ture and vapor tension are isotonic. If these solutions have the same vapor 
tension (at their boiling-point) and are isotonic, they must also have the 
•same temperature. 

Since, as has just been demonstrated, isotonism requires like freezing- 
points and boiling-points, it is evident the depression of the freezing-point 
4md elevation of the boiling-point must be the same in isotonic solutions 
with the same solvent. 

In the depression of the freezing-point and the elevation of the 
l>oiling-point we thus have a means of deciding whetlier solutions 
are isotonic. This fact is made use of in the determination of the 
molecular weight in the following way: The freezing-point of a 
liquid, e.g. water, pure carbolic acid, etc., is first determined. 
Thereupon one gram-molecule {cf, § 24) of a substance, whose 
molecnlar weight is known, is dissolved in a definite quantity (thus 
also in a known volume) of the liquid. The freezing-point thereby 
undergoes a definite depression. 

This depression of the freezing-point will always be the same, no 
matter what substance is used, provided a gram -molecule is dissolved 
in the same volume of the solvent, for such solutions are isotonic. 
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The depression caused by one gram-molecule is therefore a constant 
for the particular solvent under consideration. 

If we prepare a 1^ solution in carbolic acid of a substance whose 
molecular weight, M, is unknown, and measure the resulting depres- 
sion, J, of the freezing-point, we have thus 

-J3f = Const. 

This formula is evidently applicable to the elevation of the boil- 
ing-point also. M is the only unknown quantity in the equation, 
and can therefore be easily calculated. 

Example, When water is used as the solvent, the product of the de- 
pression of the freezing-point of a 1J( solution and the molecular weight has 
been found from numerous observations to be 19. We have therefore for 
water 

^3r=19. 

For hydrogen peroxide, the depression of the freezing-point of a 8.8^ 

2 08 

aqueous solution amounted to 2.08 ". This would correspond to -^ = 

0.8 

0.615 • for a \% solution ; hence ^ = 0.615, from which it follows that the 

19 
molecular weight is /Tgrr = 80.9. 

Since the formula HO corresponds to a molecular weight of 17, HaOt 
to one of 84, and the latter number is the nearer to the molecular weight 
found by experiment, it follows that hydrogen peroxide must be represent- 
ed by the doubled empirical formula, HaOt. 

The constant for the depression of the freezing-point (molecular 
depression) has different values for different solvents; for water it 
is 19; for benzene, 53; for nitrobenzene, 70; for carbolic acid, 75; 
for stearic acid, 45, etc. 

The constant for the elevation of the boiling-point (molecular 
elevation) is 5.2 for water, 21 for etker^ 11.5 for ethyl alcohol, 26.7 
for benzene, etc. These numbers are lower than those for the mo- 
lecular depression. The value of the molecular elevation is thus 
smaller than that of the depression, tlierefore the latter can be 
determined with greater exactness. 

The molecular depression and elevation can be calculated according to* 

022" 
the formula ' .^ (van't Hoff), in which T represents the absolute tem- 
perature of the melting-point or boiling-point and W the latent heat of 
fusion or vaporization, respectively. 
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The determination of the molecular weight by means of the de- 
pression of the freezing-point is called the cryoscopic method. It can 
be conveniently carried out with an apparatus constructed by Eyk- 
MAN, and called by him a depressimeter (Fig. 22), 

The apparatus consists of a short thermometer, divided into 
twentieths of a degree and fitted at its lower end into the neck of a 
small flask. The whole is fastened inside of a 
glass cylinder by means of a stopper at the top 
and cotton or glass-wool at the bottom. The 
latter also serves to make the cooling more 
gradual. A weighed amount of the solvent is 
introduced into the flask, and its congealing- 
temperature determined. Thereupon weighed 
amounts of the substance, whose molecular 
weight is to be determined, are added, and the 
freezing-point determined after each fresh ad- 
dition. In this way the depression for different 
concentrations is obtained, and in each case the 
value of A can be calculated. If these values 
are then represented graphically by means of a 
codrdinate system, in which the abscissas in- 
dicate the concentrations and the ordinates the 
values of A, it is very easy to exterpolate A 
graphically for infinite dilution, since this value 
of A is represented by the point where the line 
cuts the ordinate axis. This value is then sub- 
stitued for A in the formula -4i/'= Const. The 
exterpolation is particularly simple, because, ac- 
cording to the observations of Eykman, the 
values of A almost always fall upon a straight line. A solvent 
is employed in which the compound in question is easily soluble, 
and concentrations are selected between 1^ and 10^. 

The apparatus that has been usually employed for the determi- 
nation of the boiling-point elevation is that suggested by Begk- 
MANK. It consists principally of a glass tube A (Fig. 23), con- 
taining the solution and also some glass beads to make the ebullition 
more even. This boiling-tube is provided with a reflux condenser 
By inserted into an arm of Ay and also with a thermometer divided 
into hundredths of a degree, whose bulb dips in the liquid. The 




Fig. 22 — Depres- 
8imbter of 
Etkmam. 
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tube A is BurroQnded by a glass vessel C, containing some of the 
€ame liquid. The latter vessel is heated from below, and in turn 




Fio. 28. — Bbckmank's Boamo-poiNT Apparatus. 

warms the real '' boiling-tube" within. A constant temperature is 
all the more necessary in this case, since the molecular elevation is 
in general smaller than the molecular depression. 

A simpler apparatus has been devised by McCoy (Fig. 24). It 
consists likewise of two vessels, A and B, fitted tightly together. 
The inner tube A is graduated near the lower end, and is joined to 
a narrow tube ab, opening to the exterior at a. A side tube c leads 
from the mouth of A to a condenser. The j;uiket B is enlai^ed at 
the bottom, and has a side tube d, clostHi by a rubber tube and pinch 
clamp. About 50 c.c. of the pure solvent and a small piece 
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are placed in the 



t)f clay tile (to promote regular boiling) 
jacket and 12-16 c.c. of the solvent in the 
inner tube. The liquid in the jacket is 
heated to boiling, and its vapor warms the 
other liquid. As soon as the latter becomes 
hot, the vapor in the jacket forces its way 
through ah and brings the liquid in the 
graduated tube to boiling, whereupon a slow 
distillation into the condenser takes place. 
Superheating is thus avoided. The reading 
may be taken within 5-10 minutes from the 
start. On cooling, d is opened to prevent 
the liquid from being sucked out of the 
graduated tube. The boiling-point of the 
pure liquid having been found, a carefully 
weighed portion of the substance, whose 
molecular weight is to be determined, is in- 
troduced in A by lifting the thermometer 
and cork. After the boiling-point of the 
solution is determined, the boiling is stop- 
ped, the thermometer removed and the vol- 
ume of the solution taken. The formula 
is the same as that above, volume being 
substituted for weight, and the constant cal- 
Xiulated on that basis. 

BEOMINE. pjq 24.— McCoy's Boil- 

44. This liquid element does not occur iuB'"*^'^^ Appara 
free upon the earth because of its strong 
tendency to form compounds. In combination with metals it is 
found in the salts of sea-water. It was discovered in the latter by 
Balabd in 1826. Bromides occur in rather large amounts in the 
so-called Abraum-sahe of the Stassfurt salt-mines. 

In the neighborhood of Stassfurt, Germany, there are extensive beds 
of rock-salt (halite). Above the halite are found layers of other salts 
(called ** Abraum-salze " because they have to be removed in order to get at 
the halite). These salts were formerly rejected as worthless, but they have 
since been found to be rich in potassium salts, bromides, and other valu- 
able minerals, so that the ** waste salts " of former days are now the lead- 
ing source of many commercially and scientifically important compounds. 
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The purification of these Stassfnrt salts is accomplished by 
solution in water and partial evaporation of the latter. Varioua 
substances crystallize out, while the remaining liquid (** mother 
liquor ") still contains the most soluble salts, among which is mag- 
nesium bromide, MgBr,. From this mother liquor the bromine is 
obtained by the use of chlorine, which sets bromine free fromi 
bromides, thus: 

MBr + CI =' MCI + Br. (M = Metal.) 

For this purpose the mother liquor is allowed to flow down' 
through a tower filled with round atones, so that the exposed sur- 
face of the liquid is greatly enlarged. A current of chlorine is 
passed into the tower from below, and, as it rises, the gas is in con- 
stant touch with the bromide liquor, the most concentrated gaa 
being in contact with liquor which has already yielded the greater 
part of its bromine, so that practically all the bromine is thus 
easily obtained. The bromine prepared in this way always contains 
a little chlorine, from which it is freed by distillation over finely 
powdered bromide of potassium. 

Another method of obtaining the bromine from the mother 
liquor is by distilling the latter with manganese dioxide and 
sulphuric acid, corresponding to the method of making chlorine- 
(§ 25). 

The bromine thus obtained still contains a little water. It is 
dried by shaking it with concentrated sulphuric acid and then dis- 
tilling again. 

Physical Properties, — Bromine is a liquid at ordinary tempera- 
tures; it is the only element, excepting mercury, that displays this 
property. It solidifies at — 7. 3° and boils at 59®. It is dark brown, 
and is transparent only in thin layers. It is quite volatile at ordi- 
nary temperatures, giving off brown fumes of an extremely irritating- 
and disagreeable odor, whence its name {/3poj/ios = stench). Sp. 
g, = 3.1883 at 0°. 100 parts of water dissolve 3.5 parts of bromine. 
The addition of potassium bromide to the water increases its solu- 
bility a little. Its vapor density is 79.96 (0 = 16). 

The chemical praperfies of bromine are completely analogous to 
those of chlorine, but the action of the former is less energetic. 
While, for instance, chlorine combines with hydrogen in the day- 
light at ordinary temperatures, bromine does not. Its affinity for 
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many elements is, however, very strong. It reacts vigorously with 
phosphorus; and powdered arsenic and antimony take fire when 
sprinkled upon bromine. It is an interesting fact that of the two 
olosely related alkali metals, potassium and sodium, the former re- 
-acts vigorously with bromine, while the latter does not react with 
it at all at ordinary temperatures. 

The bromine molecule consists of two atoms ; for, since its vapor 
density is 79.96 (see above), its molecular weight must be 159.82. 
Inasmuch as a gram-molecule of no one of the very numerous bro- 
mine compounds contains less than 79.96 g. bromine, but often 
simple multiples of this quantity, its atomic weight is taken to 
be 79.96, based on = 16. The molecule, therefore, contains 
159.82 



79.96 



= 2 atoms. 



HTDBOBBOKIC ACID, or HYDBOOEN BBOMIDE, HBr. 

45. This gaseous compound can be obtained by direct syn- 
thesis from its elements ; for this purpose it is necessary to pass 
hydrogen, together with bromine vapor, through a red-hot tube 
containing finely divided platinum. When a current of hydrogen 
is passed through bromine, so that it becomes charged with bromine 
vapor, and it is then ignited, dense clouds of hydrobromic acid 
arise. 

Hydrobromic acid can also be obtained by the action of hydro- 
gen on bromine compounds. Silver bromide, AgBr, for example, 
is. reduced by hydrogen at a high temperature to metallic silver 
with the formation of hydrogen bromide. 

On the other hand, it is also formed by the action of bromine on 
hydrogen compounds. For this purpose numerous organic com- 
pounds can be used. Sometimes use is made of the action of bro- 
mine on naphthalene, C.JI., the hydrogen bromide, although some- 
what impure from the presence of organic substances, being obtained 
4it the ordinary temperature. It is also produced when hydrogen 
sulphide is led into bromine covered with water, sulphur being de- 
posited at the same time: 

H,S + Br, = S + 2HBr. 

The ordinary method of preparing hydrobromic acid depends. 
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however, on the decomposition of a bromine compound by a hydro- 
gen compound, phosphorus pentabromide, PBr,, and water being 
employed; ?0j^ ) Hj.o . f>C«»«>, + » H « v^ 

PBr, + 4H,0 = 5HBr + H.PO.. 



Fhoephorio 
acid. 



As phosphoric acid is not volatile, but the desired substance is, the 
two products of the reaction can be easily separated. 




Fig. 35. — Preparation of Htdrobromic Acid. 

For the preparation of hydrobromic acid by this reaction it is unnecea^ 
sary to prepare the pentabromide first. If bromine is allowed to fall care- 
fally, drop by drop, upon some red phosphorus under water a steady evo- 
lution of hydrobromic acid is obtained. 

Fig. 25 shows how this may be done. Bromine is placed in the dropping- 
funnel A, from which it may be allowed to flow down into the flask C con* 



Digitized by VjOOQ IC 



IODINE. 71 

taining red phosphorus under water, the rate of flow being regulated by 
the stopcock R, The generated hydrobromic acid passes through the 
doubly bent tube, which has a bulb-shaped dilatation at B^ into the 
bottle F^ where it is absorbed by water. The bulb B serves to prevent a 
backward flow of the water from F into the generator C. 

Another method of preparing hydrobromic acid is by the action 
of dilute sulphuric acid on a bromide, e.g. EBr. On heating 
the mixture a dilute solution of hydrobromic acid distills over. 

Hydrobromic acid has a decomposing action on concentrated 
sulphuric acid. The hydrogen of the former reduces the latter to SO*, 
bromine being set free. 

Physical Properties. — At ordinary temperatures hydrogen bro- 
mide is a gas. It can be condensed, by cooling, to a liquid which 
boils at —64.9° (under 738.2 mm. pressure), and, by still farther 
cooling, to colorless crystals, which melt at —88.5°. It bad 
a piercing odor and a sour taste. In contact with moist air it 
forms dense clouds, like hydrochloric acid (§ 29). It is very soluble 
in water, 1 vol. water dissolving about 600 vols, at 10° ; its solubility 
is thus even greater than that of hydrochloric acid. 

Chemical Properties. — Here, too, the acidic nature is strongly 
displayed. Various metals, such as zinc and magnesium, are 
acted upon by hydrobromic acid, forming a salt and free hydrogen. 
The most of its salts are soluble in water; silver bromide, however, 
is insoluble and lead bromide difficultly soluble. 

A very high temperature is required to decompose hydrogen 
bromide into its elements. 

The composition of hydrobromic acid can be determined in the 
same way as that of hydrochloric acid. Since its vapor density is 
40.3S, it has a molecular weight of 80.76. The atomic weight of 
bromine being 79.96 (0 = 16), it follows that the formula of hydro- 
bromic acid must be HBr. Moreover, the dry gas can be decom- 
posed with sodinm amalgam, whereby it is found that half of its 
volume consists of hydrogen; this confirms the above molecular 
formula. 

lODIKE. 

46. "this element, a crystalline solid, was discovered by Cour- 
TOis in 1812, but its elementary nature was first recognized in 1^15 
by Gay Lussac. Like chlorine and bromine, it does not occur in 
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the free state, but is frequently found in nature in combination with 
some metal. An important source of iodine compounds is the mother- 
liquor (§ 44) remaining in the purification of Chili saltpetre ; another, 
the ash of sea-weeds, known in Scotland as help and in Normandy as 
varecy which contains iodides. The extraction of the iodine is ac- 
complished either by passing chlorine into the solution or by dis- 
tilling with manganese dioxide and sulphuric acid in the same man- 
ner as for bromine and chlorine. The commercial iodine is purified 
by warming it gently with the addition of a little potassium iodide, 
the iodine subliming in the pure state, free from traces of chlorine 
and bromine that may have been present. Finally, it is dried in a 
desiccator over sulphuric acid. 

Physical Properties. — Iodine forms tabular crystals of a dark gray 
metallic lustre. Its specific gravity is 4.948 at 17°. It melts at 
114.2®, and boils under 760 mm. pressure at 184.35.° Its vapor is 
characterized by a beautiful dark-blue color, which gave the ele- 
ment its name {iojdrj^ = violet). In water it is only slightly solu- 
ble—enough, however, to color the water yellow. It dissolves easily 
in a solution of potassium iodide, the latter being turned brown. In 
various other liquids, such as alcohol, ether, carbon bisulphide and 
chloroform, iodine is also easily soluble. It is a peculiar fact that 
the alcoholic and the ethereal solutions are brown, while the solutions 
in carbon bisulphide and chloroform are violet; other solvents, e.g. 
benzene, give solutions of an intermediate color. The cause of this 
variety of color among its solutions is not yet satisfactorily ex- 
plained. 

47. The vapor density of iodine is 8.73 (air = 1) at about 
600^. As the teiupeniture rises, it grows steadily smaller, however. Thus 
we have : 

Temperature. Vapor Density. 
878"* 8.11 

1030" 6.83 

1250" 5.65 

1390' 5.23 

1500' 4.5 

At 1500" we see it is reduced to almost half of what it is at 600*. As 
we shall later (^ 49) have occasion to discuss this phenomenon, called 
dissociation, which has also been observed in many other sub- 
stances, it will here suffice to explain how the vapor densities at such 
elevated temperatures have been determined by V. Meyer and his pupils. 
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The apparatus be employed (Fig. 26) consists of a cylinder 200 mm. deep 
and 36 mm. in diameter, connected with which is a 4-mm. tube 350 mm. 
long. There is also a capillary tube leading to the bottom of the cylinder. 
The entire apparatus is constructed of platinum. In determining vapor 
density at a high temperature the apparatus —properly protected from 
direct contact with the flame — is placed in a Perrot 
furnace in such a manner that the tube protrudes 
enough to attach a piece of rubber tubing, connecting 
the apparatus with a tube provided with a side arm 
for the escape of gases. . The apparatus does not 
essentially differ from that described above (§ 32) 
for the ordinary determination of vapor density ac- 
cording to V. Meyer. When the lower part of the 
apparatus has reached the temp>erature of the furnace 
the vapor density is determined in the usual way, a 
knowledge of the temperature being, of course, just 
as unnecessary as in the previous case. 

Victor Meyer, however, was interested in deter- 
mining not only the amount of the vapor density, but 
also the way in which it varies with the temperature. 
To this end it was, of course, necessary to know the 
temperature at which each measurement was made. 
This can be ascertained with the help of the self-same pj^ ^(T^appara- 
apparatus in the following manner: The volume of tub for the 
air (or nitrogen) contained by the apparatus at the 
ordinary temperature is measured by displacing the 
air with carbon dioxide, which is passed through a 
narrow tube to the bottom of the vessel ; the air is col- 
lected in a graduated tube over a liquid (caustic potash solution) which com- 
pletely absorbs carbon dioxide. The same operation is repeated subsequently, 
when the apparatus is glowing hot, as soon as the vapor-density determi- 
nation is completed and air has been passed through the apparatus for a 
few minutes in order to expel the vapor of the substance whose density 
has been determined. The volume of air then present in the apparatus, 
together with the volume contained at the ordinary (measurable) tempera- 
ture and the expansion coefficient of air, furnish all the data required 
for a calculation of the desired temperature. There is, however, one 
difficulty: only the lower part of the apparatus possesses the tempera- 
ture to be measured; the adjoining tube and the other parts of the ap- 
paratus, such as the glass side-tube, do not. Hence a correction must be 
introduced in the calculation, which is found with the help of the compen^ 
sator (Fig. 26). This consists of two platinum tubes of exactly the same 
dimensions, and, therefore, the same capacity, as the two tubes which pro- 
trude from the cylinder. To these last-named tubes the compensator is 
attached by means of platinum wire. It may be assumed that the air in 
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the latter has the same temperature as that in the corresponding parts of 
the real apparatus. It is readily seen that, when the volume of the com- 
pensator at the ordinary temperature and that at the temperature at which 
the determination is made are subtracted from the corresponding volumes 
of the real apparatus, the remainder is the volume of air contained in the 
lower wider portion at the temperature of the experiment. 

In temperature measurements of this sort the following is also to be 
noted: The entire method is based on the assumption that the coefficient of 
expansion of air stays the same at these high temperatures; in other words, 
that the specific gravity of air remains constant, «nd does not diminish like 
that of iodine. This assumption was, however, hardly reliable, and in order to 
test the matter it would be necessary to measure the volume at a known 
high temp>eratare, whereas in these experiments the temperature is un- 
known and must be calculated from the volume. To avoid this difficulty 
the temperature measurement was carried out with different gases in 
the same manner as above. The results were the same. Now, it was very 
improbable that all of the gases employed (oxygen, nitrogen, carbon 
dioxide, sulphurous oxide and others) should show a decrease of density 
and all in the same measure. Therefore, it was reasonable to assume that 
their expansion is normal. 

The cJie7nical properties of iodine resemble very strongly those of 
chlorine and bromine. Its affinity forother elements is in general 
weaker, however, than that of the two halogens mentioned. It 
combines with metals, e.g. mercury, directly to form salts (iodides). 
A characteristic test for iodine is the intense blue coloration which 
it imparts to starch solution; the slightest traces of iodine can be 
thus detected. The blue color disappears on boiling and reappears 
on cooling, provided the boiling was not too prolonged. 

The molecule of iodirie, investigated by the same method as was 
employed with bromine, is found to consist of two atoms at 600°, 
hence the formula is I,. Above 1500° it must contain only one 
atom, for the vapor density is less by one-half. 



HTDBIODIC ACID, or HYDBOOEK IODIDE, HI. 

48. This compound can be obtained by direct synthesis from its 
elements, and that is really the best method for preparing it in a 
perfectly pure state. For this purpose hydrogen and iodine vapor 
are conducted together over heated platinum-black, which acceler- 
ates their combination. 

Hydrogen iodide can also be obtained by the reaction of iodine 
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with hydrogen compounds. Organic hydrogen compounds are pref- 
erable, especially colophonium and copaiva oil. This method is 
also used for the laboratory preparation of the gas, but the hydrogen 
iodide thus obtained is more or less adulterated with otganic sub- 
stances. When iodine acts on hydrogen sulphide water, hydrogen 
iodide is formed, sulphur being liberated (§ 45). 

As an example of the action of hydrogen on an iodine compound, 
"we may mention the reduction of silver iodide by hydrogen, from 
"which hydrogen iodide results. 

Finally, the action of an iodide on a hydrogen compound is il- 
lustrated by the decomposition of a phosphorus iodide, PI, or PI^, 
by water. As was explained in § 45, it is possible to use phospho- 
rus, iodine and water. This method, with some variation or other, 
is the preferable one for the preparation of hydriodic acid. 

According to Gattermann, it is best to first add yellow phosphorus 
<4 g.) in very small pieces to 44 g. iodine, and then decompose the result- 
ing compound with a little water. In order to remove the free iodine from 
the hydrogen iodide formed, the gas is allowed to pass over red phos- 
phorus. 

The decomposition of the halogen salt by sulphuric acid is even less avail- 
able for the preparation of hydriodic than hydrobromic acid, since the 
former is more easily decomposed by sulphuric acid than the latter. 

Physical Properties, — Hydrogen iodide is a colorless gas, whose 
specific gravity is 62.94 (H = 1), It fumes strongly when exposed 
to the air, and possesses an acid reaction and a pungent odor. At 
0** and 4 atmospheres pressure it condenses to a colorless liquid, 
which boils under a pressure of 730.4 mm. at — 34.14°. The melt- 
ing-point of the solid is — 50.8°. Hydrogen iodide is very soluble 
in water; 1 vol. H,0 at 10** dissolves 425 vol. HI. This solution 
fumes strongly, and turns dark brown after a time, because of the 
liberation of iodine. 

Chemical Properties. — Hydrogen iodide has all the characteris- 
tics of an acid. With metals it forms salts (iodides), hydrogen being 
given off. These are almost all soluble, with the exception of the 
iodides of silver and mercury. Lead iodide is slightly soluble at 
ordinary temperatures. In addition to its acidic character, hydri- 
odic acid possesses another property, which is not found in hydro- 
chloric and hydrobromic acids. Since it splits up readily into hydro- 
gen and iodine, it can act as a strong reducing agent, especially at 
high temperatures. It has already been remarked that the aqueous 
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solution of the gas turns brown, iodine being set free by the oxidiz- 
ing action of the air; this change is greatly aided by the influence 
of light. At a high temperature hydrogen iodide is decomposed 
into II, and I„ as we learn from the appearance of the violet iodine 
vapor. In organic chemistry, particularly, frequent u^^e is made of 
the reducing power of this acid. 

Formula of Ilydriodic Acid, — The vapor density of this sub- 
stance has been found to be 02.94. Its molecular weight is there- 
fore 125.88. The atomic weight of iodine being 125.91 (H = 1), 
it is seen that the molecular weight corresponds very closely t) the 
formula HI = 126.91, and no other formula is possible. 



DISSOCIATIOir. 

49. When hydrogen iodide is subjected to a slow increase of 
temperature, it commences to decompose at a definite temperature 
slightly above 180° into hydrogen and iodine vapor. As the heat- 
ing continues, the decomposition grows greater without at once 
becoming complete. After a still further rise of temperature a 
point is finally reached when only tlie individual elements exists 
If the mixture is then slowly cooled, the same stages are passed* 
through in inverse order, so that the degree of decomposition at 
any one temperature is found to be the same, no matter whether the 
temperature was approached from above or below, it being only 
necessary that the particular temperature should be maintained foi 
a sufficient length of time in both cases. 

The phenomenon just described is to be observed with a great 
many substances. It is called dissociation, and was first studied in 
1857 by II. Sainte-Claire Deville. 

The degree of decomposition of hydrogen iodide is, as we have 
seen, always found to be the same for a definite temperature. It 
necessarily follows from this that if one starts with the uncombined 
elements, hydrogen and iodine, and heats them together long enough 
at a certain temperature, a gas mixture of exactly the same compo- 
sition will be formed as that resulting from the decomposition of the 
hydrogen iodide at the same temperature. This is confirmed by 
experiment; e.g. equivalent amounts of iodine and hydrogen were 
heated in a sealed vessel by exposing it to the vapor of boiling sul- 
phur (445°). The amount of hydrogen iodide finally produced 
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^^as 78.96j<, i.e. 21.04j< of the gas mixture remained uncombined. 
Again, when a like vessel filled with hydrogen iodide was heated to 
the same temperature, it was found that 21.5^ had decomposed — a 
figure very close to that obtained in the preceding experiment. 

Such reactions, which lead to the same result, immaterial whether 
we start with the one system of substances (H, + I,) or with the 
other (2HI), are called reversible reactions, or balanced actions. 
When the final stage is reached, the systems are said to be in equi- 
libriiim with each other. 

We saw that in the preparation of hydrogen iodide, platinum-black is 
used because it accelerates their combination. Neither this nor any other 
catalyzer, however, changes the ratfo in which combination takes place. 
For instance, it is found empirically that at 850* 18.6^ of the hydriodic 
acid is decomposed when no platinum-black is present, and that in the 
presence of this catalyzer the decomposition reaches 10^; these two figures 
arealike within the limits of experimental error. There is a tlicoretical 
reasou why this must be so. If the catalyzer could influence the equi- 
librium, we should arrive at a perpetuum mobile by successively adding 
and removing the catalyzer. This would involve a change in the quan- 
tity combined, and the energy thus obtained could be used to do work 
without a sinking of the temperature, which is impossible according to the 
principles of thermodynamics. 

The question now arises, how such an equilibrium comes about, 
and why the decomposition of a compound that begins at a certain 
temperature does not complete itself. To this the kinetic theory 
of gases furnishes a satisfactory answer. According to this theory 
the molecules of gases are constantly in motion. While a constant 
mean velocity of the molecules may be assumed to exist for every 
temperature, the velocities of the individual molecules must be 
•considerably different, because of the very frequent collisions with 
•each other. The atoms of a molecule must also be supposed to be 
capable of changing their respective positions, for the repeated col- 
lisions of the molecules displaces the atoms from their positions of 
•equilibrium. These movements of the atoms are the more violent 
the greater the velocity of the molecules. It is easy to conceive 
that they may at last become so violent as to throw the atoms out 
of their sphere of mutual attraction. The molecule is thus broken 
up. In a body of gas at a definite temperature this will, however, 
only occur in those molecules whose velocity is above certain limits; 
hence we see a reason for partial decomposition. The explanation 
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of partial combination is exactly analogous. The atoms set free 
from the molecules of the elements enter into the sphere of mutual 
attraction, and if their velocities are not great enough to resist the 
attraction, the different atoms unite. 

In the case of the formation and decomposition of hydrogen iodide this 
can be conceived as follows : Two HI molecules meet in such a state of 
atomic movement that the H atoms enter the spheres of attraction of each 
other, and the I atoms likewise, so that Ut and It are formed. On the 
other hand, these molecules Ht and li may again meet in such a way that 
each H atom enters the sphere of attraction of one of the I atoms, where- 
upon two HI molecules are formed. 

According to the above the state of equilibrium is to be accounted 
for by supposing that in the unit of time just as much passes from 
the one system into the other, as vice versa. Until the state of 
equilibrium is reached, the amounts which pass from one system 
into the other in the unit of time are unlike. If we understand by 
reaction-velocity the amount in gram-molecules which is trans- 
formed from each system into the other in the unit of time, the 
state of equilibrium may be defined as that state in which the reac-- 
tion-velocities of both systems have become equal. 

For the determination of the reaction -velocity a principle of 
very wide application has been discovered, which allows this mag- 
nitude to be calculated mathematically, viz., the principle that the 
reaction-velocity at any moment is proportional to the masses of 
the substances then present. This is the law of chemical mass- 
action. 

60. Let it be assumed that the molecules of a compound are dis- 
sociated by heat into two others, the process being expressed by 

^ = 5-1- C, 

in which A^ B and C represent single molecules. Of the substance 
A, a gram-molecules were originally present, but in the course of a 
definite time, t, x gram-molecules have undergone the above de- 
composition. The problem is to express the reaction- velocity at 
any moment. For this purpose let us consider the very small in- 
terval of time, J^, which immediately follows the period t. In the 
interval J/ a minute amount, ^x, of the substance A is decomposed. 
Then, according to definition, the reaction-velocity, S, in that 

^x 
moment is -tt. In accordance with the above-stated principle, this 
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must be proportional to the amount of A remaining undecomposed 
at this moment; that is^ to a — x. The mathematical equation for 
the reaction-Telocity thus becomes 

5=jf = C(a-.). 

where (7 is a constant factor, the reaction constant, or velocity con- 
stant. This expression does not^ however, indicate exactly the re- 
action-velocity at the close of the period t^ i.e. at the moment when 
the period t ends; we are really considering the velocity in the suc- 
ceeding brief interval J/. But it is clear that we may approach this 
value as closely as we please, if we make M small enough, so that 

when M becomes infinitesimal, the expression — - f then written -_. j 

may be considered identical with the reaction-velocity in the mo- 
ment t. 

The above reaction is termed nnimolecular. When two (like or 
different) molecules react with each other, the reaction is called 
bimoleoular ; it may be represented by the equation 

^4-^= 6'or= (7+Z)+. . . . 

The equation for the reaction- velocity is different in this latter 
case. Assuming that originally a gram-molecules of A and b gram- 
molecules of B take part in the reaction, and that x gram-molecules 
of A and of B are decomposed at the end of the period t, there must 
be, respectively, a — x and h — xoi the two substances present at 
this moment. The reaction-velocity will then be proportional to 
the product of these quantities, thus 

ilcr 

*' = 3 = ^^'^ - =^) (* - =^)' 

in which C is again a constant. Since the reaction- velocity must 
be proportional to the mass of each of tlie reacting substances, a 
product is required to express the relation. 

It is assumed in the above that the temperature is constant. 
We shall see in § 104 that this factor has a great influence on the 
reaction-velocity. 

61. The manner of expressing the condition of equilibrium is 
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now plain. Assuming that the reaction-velocity of the one system 
is S and that of the other 8', equilibrium must exist when 8 = S\ 
Let us apply these considerations to the dissociation of hydrogen 
iodide. This may be expressed by the equation 

2HI = H, + I.. 

If it is to be indicated that the reaction is reversible, we write 

2Hi;:rH.+i.. 

If a gram-molecules III per unit volume are present originally 
and X of these are decomposed after a given period, the reaction- 
velocity at this moment (since in this case a = ^, and the reaction 
is evidently bimolecular) is 

8=:C{a- x)\ 
C being a constant. 

From the x gram-molecules of hydrogen iodide - gram-mole- 

cules of hydrogen and an equal amount of iodine have been formed. 
The velocity of formation of HI from H, and I, is therefore ex- 
pressed by the equation 

s' = eg)'. 

in which C is a constant. Accordingly equilibrium will exist 
when 

c(«-.r = c'g)' or (^,y = ir. 

in which ^is substituted for -j^p. 

This equation may be written in a slightly different way, since 
in gases the number of molecules per unit volume is proportional 
to the pressure (§ 31). Assuming that at a given moment the 
pressure of the hydrogen iodide still present is ;?, that of the hydro- 
gen is /?, , and that of the iodine vapor /;,, the equilibrium constant, 
K^ can be represented by the expression 

It has been ascertained that the dissociation is less if the 
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hydrogen iodide was originally mixed with hydrogen or with iodine 
Taper. The necessity of this being true follows immediately from 
the above eqiiatiqn^ for the addition of these gases amounts to an 
increase of p^ or p^. If K is to remain constant, p^ or in other 
words the mass of nndissociated hydrogen iodide^ must increase. 
We see also from the equation that the same increase of H, or of 
I, must have the same influence on the equilibrium. A farther 
conclusion from this equation is that, when /;, p^ and p^ are 
increased »-fold, i.e. when hydrogen iodide undergoing dissocia- 
tion is compressed or expanded at a constant temperature, the 
degree of dissociation must remain unaltered, since 

{npy - p^ • 

This, too, is confirmed by experiment. 

In the dissociation of hydrogen iodide the gas volume does not 
change, since two molecules (2HI) yield two molecules (H,and I,). 
In all such cases the degree of dissociation must be independent of 
the volume, because an increase or decrease in the latter causes 
changes in the concentration of the reacting gases which are pro- 
portional to each other, and hence the factor representing the 
concentration falls out of the equation. 

Hydrogen iodide is also decomposed by light. It is a peculiar fact that 
this dissociation is unimolecular (HI = H + I), while that caused by rise of 
temperature is bimolecular. This may be demonstrated by the following 
very general method. When the reaction is unimolecular, the equation for 

dx 
the velocity of decomposition is --r^ = K(a — a:). When, however, it is 



dt 



dx 



bimolecular (2HI = H« + I,), the equation becomes -^= K(a — x)\ With 

the help of integral calculus these equations can be solved for JT; from 
the first we find 

1 , <3J 

where I is the natural logarithm, and from the second : 

""'ha—.) (2> 

If now we determine x for various values of t, the values of K can be 
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calculated ; they mast be constant. If this constancy appears in (1), the 
reaction is unimolecular, if in (2), bi molecular. 

FLTTOEIHE. 

52. This elemeut was first isolated from its compounds by 
MoisSAN in 1886. It occurs in nature chiefly in combination with 
calcium o^fluor spavy CaF,, and in certain rare minerals. 

The great difficulty in obtaining it in the free state is due to* 
its very great affinity, which makes it unite vnih all other elements, 
even at ordinary temperatures. As yet it has only been success- 
fully prepared by the electrolysis of pure anhydrous hydrofluoric 
acid in which potassium fluoride has been dissolved to make th& 
liquid a conductor. 




Fig. 27.— Preparation op Fluorine by EiiECTROLYSis. (aptkr Moissak.) 

The manner in which Moissan accomplished this is interesting. A 
mixture of about 200 g. anhydrous hydrofluoric acid and 60 g. potassium 
fluoride — hydrofluoric acid is introduced into a copper U-tube (Fig. 27) of 
a capacity of about 800 c.c, which has two lateral exit tubes. The open 
ends of the U-tube are closed with stoppers FF^ made of fluor spar and; 
wrapped in very thin sheet platinum. 
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The cylindrical electrodes tt of platinum-iridium pass through the 
stoppers and are held in place by the copper screws EE^ which fit tightly 
to the ends of the U-tube, with the help of a band of lead P, 

Daring the electrolysis the apparatus is kept at the constant temperature 
of -- 23* (by boiling methyl chloride). The free fluorine, which is given 
off as a gas at the positive electrode, is first passed through a platinum 
vessel that is cooled by a mixture of solid carbon dioxide and alcohol, in 
order to condense the acid fumes which were carried over with it. The 
last traces of the acid are removed by conducting the gas through two 
platinum tubes containing sodium fluoride, which absorbs the hydrofluoric 
add. The free fluorine gas was collected by Moissan in a platinum tube, 
whose two ends were closed with plates of fluor spar so that one could look 
through. 

Later Moissan found that perfectly pure fluorine attacks glass but very 
slowly, so that the gas may be collected in glass vessels. 

Physical Properties. — Fluorine is a gas with a very piercing 
odor and a greenish-yellow color, which is somewhat paler than 
that of chlorine. As a liquid it boils at — 187'' and is bright 
yellow. It can be condensed in a glass vessel. The specific 
gravity of the gas is 19 (0 = 16), that of the liquid 1.14 
(water = 1). 

Chemical Properties, — Of all the elements now known fluorine 
has the strongest tendency to form compounds. It combines 
with hydrogen in the dark at ordinary temperatures In an explo- 
sive manner. Moissak demonstrated this with the help of the 
above apparatus by reversing the electric current while fluorine 
was being generated ; thus a mixture of hydrogen and fluorine was 
formed, which at once exploded. As low as — 210° fluorine unites 
with hydrogen immediately, producing a flame. Finely divided 
carbon ignites momentarily in fluorine gas, forming CF^, while 
chlorine does not combine with carbon directly even at a high 
temperature. Fluorine combines with most metals instantly and 
violently; it does not unite with oxygen, even when it 
is heated with the latter to 500*^ or mixed in the liquid state with 
liquid oxygen at — 190°. The alkali metals (potassium and 
sodium) and the alkaline-earth metals (calcium, strontium, 
barium) take fire in fluorine gas at ordinary temperatures with the: 
formation of fluorides. Finely divided iron glows faintly in it. 
Copper becomes covered with a layer of copper fluoride, CuF,,. 
which protects it against farther corrosion; hence the possibility 
of employing this metal for fluorine generators. Gold and plati- 
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num are not attacked by fluorine, — ^a rather striking fact, since 
these metals are acted on by chlorine, which otherwise displays a 
weaker chemical affinity. 

Fluorine reacts readily with hydrogen compounds; e.g. water 
is decomposed by it at ordinary temperatures into hydrofluoric acid 
and strongly ozonized (as high as 14^ by volume) oxygen. It sets 
chlorine free from potassium chloride, forming potassium fluoride. 

The molecule of gaseous fluorine is expressed by the formula F,. 
Its vapor-density being 19, the molecular weight is 38. Inasmuch 
as no fluorine compound contains less than 19 g. fluorine per 
gram-molecule, but frequently a multiple of this amount, the 
atomic weight of fluorine becomes 19 and its molecular formula F,. 

HTDBOFLUOSIC ACIB, OB HTDBOGEIT FLUOBIBE, HF. 

53. This compound was discovered by Schbele in 1771 upon 
heating together fluor spar and sulphuric acid : 

CaF, + H,SO, = CaSO, + 2HF. 

This is still the usual method of preparing the substance. A 
mixture of powdered fluor spar and dilute sulphuric acid is distilled 
in an apparatus of platinum or lead, since glass is instantly 
attacked by hydrofluoric acid. The distillate is an aqueous solu- 
tion of the acid, which for the above reason must be preserved in 
bottles of lead or caoutchouc. 

By direct synthesis from its elements (§ 52) hydrofluoric acid 
may also be obtained. Another method is by the action of 
hydrogen on a fluorine compound; e.g. silver fluoride, when heated 
in a current of hydrogen, gives hydrogen fluoride. 

Still other methods are by the action of fluorine on hydrogen 
tjompounds (§ 52) and by the direct decomposition of certain com- 
pounds, such as hydrogen potassium fluoride, KF-IIF, which 
splits up on heating into the two fluorides. Thjs last reaction is 
made use of when anhydrous acid is sought. 

Physical Properties^. — Anhydrous hydrofluoric acid is a color- 
less liquid at ordinary temperatures. It boils at 19.5** and 
solidifies at - 92°. Sp. g. (II = 1) = 0.9879 at 15°. It has an 
extremely pungent odor and is very poisonous when inhaled. It 
is very soluble in water. 
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Chemical Properties, — The aqueous solution of hydrogen 
fluoride, the *' hydrofluoric acid'' of commerce, possesses entirely 
the character of an acid; it evolves hydrogen with metals, the 
precious metals, however, and also lead, being unaffected by it. The 
fluorides of most metals dissolve in water; some, however, such as 
those of copper and lead, with difficulty, while those of the alkaline 
earths (Ca, Sr and Ba) are insoluble. It is a peculiar character- 
istic of the alkaline fluorides that they are able to combine with a 
molecule of the acid, forming double fluorides like that described 
above, KF-HF. 

The most important property of the gas for practical purposes 
is that it attacks glass (cf, § 193). As a result it finds extensive 
use in etching glass. 

Glass may be etched iu two ways— with a Bolution of the gas or with 
the gas itself. In the first case the etching is shiny and transparent ; in 
the second dull. The glass object is covered with a coat of wax in which 
the figures or letters which one desires etched on the glass may be drawn 
with a stylus. Then the object is either dipped in dilute hydrofluoric acid 
for a while or set over a leaden dish which contains a mixture of sulphuric 
acid and calcium fluoride kept slightly warm by a low flame. Only the 
places where the coating was removed are attacked, so that, when the 
latter is subsequently taken off (by turpentine or alcohol), the etch-figure 
is visible. 

MoissAN has proven that glass is also attacked by perfectly dry hydro- 
Aaoric acid gas. 

The formula of hydrofluoric acid is IIF, which can be deter- 
mined in exactly the same way as was done for the analogous 
chlorine and bromine compounds. 



Componnda of the Halogens with eaeh other. 

54. The halogens, or salt-formers, i.e. the elements fluorine, chlorine, 
bromine and iodine, (so-called because they form salts with metals by 
direct combination) can unite with each other to form rather unstable 
compounds. We shall pass over them with a brief description. 

When chlorine gas is led into bromine which is cooled below 10*, a 
dark-red volatile compound of the formula ClBr is formed. With iodine 
chlorine forms two compounds, ICl and ICla , both of which can be 
obtained by synthesis. Whether the first or the second is produced depends, 
on the relative amount of chlorine employed. 

ICl is a reddish-brown oil, which slowly solidifies to crystals, that melt 
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at 24.7*. It boils at 101.3*. Water readily decomposeB it to iodic acid, 
iodine and hydrochloric acid. 

ICli, iodine trioUoride. can be obtained not only by direct synthesis, 
bat also from iodic acid and strong hydrochloric acid and again by the 
action of PCls on IsOs. It crystallizes in long yellow needles and decom- 
poses very easily into ICl and Git. This decomposition begins as low as 
25*. In a small quantity of water it dissolves almost without change; 
larger quantities of water serve to partially break it up, forming hydro- 
chloric and iodic acids. 

IFi, iodine pentaflnoride, is produced by the action of iodine on silver 
fluoride. It is a colorless, strongly fuming liquid. 

Oxygen Compounds of the Halogens. 

With the exception of fluorine, the halogens are known to form 
various oxygen compounds, having the common property of 
instability, i.e. of being easily decomposed. Most of them can 
combine with water, forming acids. Oxides which show this latter 
property are called acid anhydrides. The acids which are thus 
formed from the halogen oxides contain each but one hydro- 
gen atom, and this can be replaced by a metal. Acids con- 
taining one hydrogen atom which can be thus substituted are called 
monobasic. 

HTPOCHLOBOUS OXIBE. CHLOSIHE KOHOXIDS. G1,0. 

55. This compound can be prepared by passing chlorine over 
dry mercuric oxide at a low temperature : 

2HgO + 2C1, r= C1,0 + HgO.HgCl,. 

Hypochlorous oxide is a brownish-yellow gas at ordinary tem- 
peratures. It can be condensed by strong cooling to a dark-brown 
liquid, which boils at + 5**. It is an extremely dangerous sub- 
stance, especially in the liquid state, since the slightest mechanical 
disturbances make it explode vigorously, breaking up into its 
elements. It is possible to distill it without decomposition, only 
when everything with which it comes in contact is entirely free 
from dust (organic matter). It acts upon sulphur, phosphorus 
and compounds of carbon with explosive violence. 

The composition of this compound was determined by Balard 
in the following way: He introduced 50 vols, of the gas into a 
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tube over mercury and decomposed it by gently warming. He 
thus obtained a mixture of chlorine and oxygen which occupied 
somewhat less than 75 vols. After the chlorine was removed by 
caustic potash, 25 vols, remained, i.e. 50 vols, chlorine were 
present, the slight difference which was observed being ascribable 
to the fact that a little chlorine had united with the mercury in 
the tube. 1 vol. hypochlorous oxide yielded therefore 1 vol. 
chlorine and ^ vol. oxygen. This indicates the formula Cl^O. 

2C1,0 = 2C1, + 0,. 

2 Tols. 2 vols. 1 ▼ol. 

The vapor-density of the compound was found to be 3.03 
<air = 1), or 43.63 (0 = 16). Its molecular weight therefore 
becomes 87.26, corresponding to the formula C1,0 (2C1 = 71; 
= 16; sum = 87). 

HYP0CHL0B0U8 ACID, HCIO. 

56. When chlorine monoxide, C1,0, iS passed into water, it is 
absorbed; the solution contains hypochlorous acid: 

C1,0 + H,0 = 2HC10. 

This compound is known only in aqueous solution. Its com- 
position is studied in its salts. 

The same aqueous solution can also be obtained by adding 
finely powdered mercuric oxide to chlorine water. Distillation 
may be employed to purify the solution of the acid. Another 
method is to add at once enough nvercuric oxide to form the oxy- 
chloride, HgO-HgCl,, which is insoluble in water and can be 
Temoved from the hypochlorous acid solution by filtration : 

HgO + 2C1, + H,0 = HgCl, + 2C10H. 

Soluble. 

2HgO + 2C1, + H,0 = HgO.HgCl, + 2C10H. 

Insoluble. 

Still another method of preparing the acid solution is to lead 
chlorine into the solution of a base, e.g. potassium hydrate, at the 
ordinary temperature, whereupon a salt of hypochlorous acid 
(hypochlorite) is formed. 

2K0H + CI, = KCl + KCIO + H,0. 
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By carefully treating the hypochlorite with the equivalent 
amount of nitric acid the hypochlorous acid is set free and can be 
separated from the salts by distillation. 

When concentrated, the aqueous solution of hypochlorous acid 
has a golden color. It is unstable; only dilute solutions can be 
distilled without decomposition. It oxidizes vigorously, breaking 
up into oxygen and hydrochloric acid : 

2C10H = 2HC1 + 0,. 

On the addition of hydrochloric acid all the chlorine of both 
compounds is set free : 

HCIO + HCl = CI, + H,0. 

The hypochlorites act just like the free acid, since the presence, 
of very weak acids, e.g. the carbonic acid of the air, serves to 
liberate hypochlorous acid. They are therefore extensively em- 
ployed as bleaching agents (§27). A solution of sodium hypo- 
chlorite {eau de Javelle) <s used for this jjurpose, but chloride of 
lime (** bleaching powder," § 258) deserves particular notice. The 
latter is obtained by treating lime with chlorine at ordinary tem- 
peratures. The bleaching action of hypochlorous acid is twice as 
great as that of the chlorine which it contains would be, if the 
latter were to act in the free state : 

2C1 + H,0 = 2HC1 + and 2C10H = 2HC1 + 20. 

However, it should be remembered that two atoms of chlorine 
were necessary to form the one HCIO molecule : 

2K0H + CI, = KCl + KCIO + 11,0. 

On shaking an aqueous solution of hypochlorous acid with mercury a 
brownish-yellow precipitate of mercuric oxychloride, n HgO • HgOIt , is 
formed, which is insoluble in hydrochloric acid. Chlorine water, on the 
other hand, when shaken with mercury, gives white mercuric chloride, 
HgOU , (sublimate). These reactions enable us to distinguish between the 
two substances. 

In a dilute aqueous solution of chlorine we have the following equilib- 
rium: 

CI, + H,0 ^ HCl + HCIO, 
as is shown by the facts that the solution reacts distinctly acid toward lit- 
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mus and that the hypochlorous acid can be separated from the hydrochloric 
acid by distillation. 

The difference in the action of chlorine water and a solution of hypo- 
chlorous acid on mercury is due to the fact that in the above equilibrium 
the system Cli + H,0 is far superior to the other* 

CHLOKINE DIOXIBE. CIO, 

57. This gas is formed when potassium chlorate, KCIO,, is 
treated with concentrated sulphuric acid. Chloric acid is at first 
set free and this decomposes as follows: 

3HOIO3 = HCIO, + 2C10, + H,0. 

Chloric Perchloric 

acid. acid. 

Chlorine dioxide is a dark-yellow gas. It can be condensed to 
a liquid, which boils at 9.9° and solidifies at — 79° to a yellow 
crystalline mass. It has a peculiar odor resembling chlorine and 
burned sugar. 

Chlorine dioxide is extremely explosive; warming, jarring or 
contact with organic substances make it explode with violence. 
Light slowly decomposes it. 

The following experiments give one an idea of the vigor with which it 
causes oxidation. (1) When finely powdered sugar is mixed carefully with 
potassium chlorate and a drop of concentrated sulphuric acid is added, the 
whole mass bursts into flame. The chlorine dioxide set free makes the 
sugar burn at ordinary temperature. (2) Place a few pieces of yellow phos- 
phorus and some crystals of potassium chlorate under water and allow a 
few drops of concentrated sulphuric acid to flow down on the two sub- 
stances. The phosphorus at once burns under water with a brilliant 
light, 

Chlorine dioxide is soluble in water. Such a solution can be 
easily prepared by floating a little porcelain cup in a large crystal- 
lizing-dish with a flat brim and containing 220 c.c. water, putting 
into the cup 12 g. potassium chlorate and adding a cooled mixture 
of 44 c.c. concentrated sulphuric acid and 11 c.c. water. The 
crystallizing-dish is then covered with a glass plate. The chlorine 
dioxide evolved dissolves in the water, forming a yellow solution. 

As the quantity of gas obtained from 1-3 g. potassium chlorate 
is sufficient to kill the bacteria in 1 cm. ordinary drinking-water, 
this means has been proposed for purposes of practical steriliza- 
tion. 
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When a base is added to a chlorine dioxide solution, a chlorite 
(§ 58) and a chlorate are formed : 

2K0H + 2C10, = KCIO, + KCIO, + H,0. 

Pot. chlorite. Pot. chlorate. 

This reaction proceeds very slowly in dilute solution. 

The composition of chlorine dioxide was determined by Gay 
LussAC as follows: He allowed the gas to flow through a 
capillary tube with three bulbs. By heating the part of the tube 
in front of the bulbs he decomposed the gas, the action being non- 
explosive in so narrow a space. Thus there was obtained in the 
bulbs a mixture of oxygen and chlorine in the same proportions 
as they are contained in the compound. The chlorine was absorbed 
by potash and the remaining oxygen was passed over into a gas- 
measuring tube. The capacity of the bulbs being known, it was 
possible from these data to calculate the volume-ratio of oxygen 
and chlorine. It was found that 100 vols, of the oxide yields 67.1 
vols, oxygen and 32.9 vols, chlorine. This ratio is very close to 
that of 1 : 2, represented by the formula CIO, : 

2C10, = CI, + 20,. 

*i vols. 1 vol. 2 vols. 

This formula is also confirmed by the vapor-density, which 
was found to be 34.5 at 10.5°, while the formula CIO, demands 
35.5 + 2 X 16 ^ ^^ ^ 



CHLOROUS ACID, HCIO,. 

68. This acid is unknown in the pure state. Its sodium salt is formed 
by tlie action of sodium peroxide solution on a chlorine dioxide solution: 

2CI0, + Na,0, = 2NaC10, + O,. 

The silver salt, AgClOa , is a yellow crystalline powder, as is also the lead 
salt, Pb(C103)a ; they are both difficultly soluble in water, and break up 
even on warming to 100° in an explosive manner. The anhydride of chlorous 
acid, corresponding to the formula CliOi , is not known. 
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CHLOBIC ACID, HCIO.. 

59. The chlorates erf potassinm or barium are the usual start- 
ing-points for the preparation of chloric acid. When dilute 
sulphuric acid is added to the solution of the barium chlorate, 
barium sulphate is precipitated and a dilute solution of chloric 
acid is obtained, which may be filtered off from the sulphate and 
dried in a vacuum desiccator over concentrated sulphuric acid. 
In this way a 40^ solution of the acid may be obtained. On con- 
centrating it any farther, decomposition takes place, oxygen being 
evolved and perchloric acid formed. The concentrated acid is a 
powerful oxidizing agent; wood or paper ignite when brought in 
contact with it. It oxidizes hydrochloric acid, chlorine being 
given off; farther sulphuretted hydrogen, sulphurous acid and 
others, also in dilute solution. The following reaction is very char- 
acteristic of chloric acid: When indigo solution is added to a 
dilute solution of the acid, the former is not decolorized ; however, 
on the addition of a little sulphurous acid the color disappears, 
since the chloric acid is thereby reduced to lower oxides. 

The salts are all soluble in water, that of potassium being 
somewhat difficultly so, however. 

The composition of chloric acid was ascertained by Stas from 
an analysis of silver chlorate. An accurately weighed amount of 
the latter was reduced by a solution of sulphurous acid to silver 
chloride and this was filtered off and weighed. Since he knew 
from previous investigations the exact composition of silver 
chloride, the analysis of the silver chlorate was complete. Stas 
found thus that silver chlorate consists of: 

Silver 56.39485^ 

Chlorine 18.52575^ 

Oxygen 25.07955^ 

Total 100.0000^ 

The atomic weight of silver is 107.93; that of chlorine 35.45; that 
of oxygen 16.0. We then find that the ratio of the atoms in this 
salt is 

56.3948 _ 18.5257 _ 25.0795 _ 
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very close to 1 : 1 : 3, from which it follows that the empirical 
formula of the salt is AgClO, , that of the acid itself HCIO,. 

PERCHLORIC ACID, HC10«. 

60. This compound is obtained by distilling potassium per- 
chlorate with an excess of sulphuric acid of 96-97.5^ in vacuo: 

KCIO, + H,SO, = KIISO, + HCIO,. 

Pure perchloric acid boils at 39° under a pressure of 66 mm. 
Hg, and has a specific gravity of D^ = 1.764 at 22^ It is a 
colorless liquid which does not solidify on being cooled with solid 
carbon dioxide and alcohol (about —80°). It decomposes slowly, 
taking on a dark color. With one molecule of water it forms a 
crystallized compound^ which melts at 50° ; with still more water a 
thick oily liquid is formed, similar to concentrated sulphuric 
acid. Such an acid contains 71.6^ HCIO,; it distills constant at 
203° and has a specific gravity of 1.82. The dilute solutimi of the 
perchloric acid is stable. 

In the concentrated state perchloric acid is a very strong 
oxidizing agent. When a little is dropped on wood or paper, these 
ignite with explosion. Very painful flesh-wounds are produced 
by it. When dilute, it does not, however, release its oxygen 
nearly so readily as chloric acid. It can, for example, be gently 
warmed with hydrochloric acid without giving off chlorine, and it 
is not reduced by sulphurous acid. By these facts and by its 
yielding no chlorine dioxide with sulphuric acid it may be distin- 
guished from chloric acid. 

The salts of perchloric acid, perch lorates, are all solu- 
ble in water; that of potassium and especially that of rubidium 
are, however, very difficultly soluble in cold water. 

The composition of perchloric acid has been determined, as in 
the case of chloric acid, by the analysis of a salt, in this instance 
the potassium salt. A weighed amount of the latter is heated to 
drive off all the oxygen. The loss in weight indicates the amount 
of the latter. The analysis of the remaining potassium chloride, 
KCl, shows the amounts of potassium and chlorine. From these 
data it is found, in the same manner as with chloric acid, that the 
empirical formula of the salt is KCIO^ , that of the acid, therefore^ 
HCIO.. 
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ISdorino heptezido, C1,0t, is the oxide corresponding to perchloric acid : 

2HCIO4 — H,0 = Cl.O,. 

It may be obtained by slowly adding perchloric acid to phosphorus pent-^ 
oxide cooled below — 10% By distillation on a water bath the oxide is ob- 
tained as a colorless liquid, which boils at 82°. It is more stable than the 
other oxides of chlorine ; it neither attacks paper nor acts on sulphur or 
phosphorus in the cold. 

OXTOBV COKPOinfDS OF BROKIHE. 

61. Although no compounds with oxygen alone are known, there are 
two oxygen acids, viz., hypobromous andbromic. 

Hypotoomoiu aeid, HBrO, can be obtained in the same way as HCIO, 
namely, by shaking up bromine water and mercuric oxide together. The 
tlilnte solution can be distilled in vacuo, and has properties entirely anal- 
ogous to those of hypochlorous acid. 

Bromie aoid, HBrOs, can be obtained from the barium salt with sul- 
phuric acid or from the silver salt with bromine water : 

SAgBrO. + 8Bra + 3H,0 = SAgBr + 6HBrO.. 

Insol. 

It is also formed when chlorine is passed into bromine water : 
Br, + 5C1, + 6H,0 = SHBrO, + lOHCl. 

It corresponds in its conduct with chloric acid. Many reducing agents, 
such as hydrogen sulphide and sulphurous acid, are able to withdraw all 
its oxygen. Most of its salts are difficultly soluble in water. When 
heated, they give up all their oxygen. 

OXYGBK COKPOUNDS OF IODINE. 

62. When iodine is introduced into a cold dilute solution of caustic 
potash or soda, a colorless liquid is obtained, which has other properties 
when fresh than it has later. When freshly prepared it decolorizes indigo 
solution and iodine is liberated on the addition of very weak acids. 
Later on these two properties disjippear. It is therefore to be supposed 
that previously a hypo-iodate KTO is formed, which is changed slowly to 
KI and EIOi. At the boiling-point this change takes place almpst im- 
mediately. 

Iodine pentoxide, 1,0^ , is the anhydride of iodic acid, since it 
«an be obtained by heating this acid to 170°, 

2HI0, = H,0 + I,0„ 
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and yields the same acid when dissolved in water. It is a white 
crystalline substance, which breaks up into its elements at 300^. 

Iodic acid, HIO,, is best prepared by the oxidation of iodine 
with nitric acid : 

31, + lOHNO, = 6HI0, + lONO + 2H,0. 

Nitric acid. Nitric oxide. 

Iodic acid is crystalline and easily soluble in water. It is a power- 
ful oxidizing agent, setting free chlorine from hydrochloric acid,, 
for example : 

2HI0, + lOHCl = I, + 5C1, + 6H,0. 

It reacts momentarily with hydriodic acid, all the iodine of 
both compounds being precipitated : 

5HI + HIO, = 3H,0 + 61. 

The salts of this acid, the i o d a t e s , are in general not very 
soluble in water; however, those of the alkali metals dissolve 
rather easily. 

Periodic add, HIO^ + 2H,0, is formed by the action of iodine 
on perchloric acid : 

HCIO, + I + 2H,0 = HI0,.2H,0 + CI. 

It is a colorless crystalline solid that is entirely decomposed at- 
140° into iodine pentoxide, oxygen and water (§ 145). 

NOMENGLATUEE. 

68. The system of naming the various halogen oxygen-acids is: 
a general one, which is also used for the acids of other elements. 
The best-known acid usually has the suffix -ic, e.g. chloric acid, 
phosphoric acid, sulphuric acid, etc. Acids that contain more 
oxygen have in addition the prefix per-, thus perchloric acid 
and persulphuric acid. Acids containing less oxygen have 
the suffix -ousy e.g. chlorous acid, sulphurous acid, phosphorous 
acid, etc. Those which contain still less oxygen have the suffix 
'0U8 and also the prefix hypo-, e.g. hypochlorous acid, hyposul- 
phurous acid and hypophosphorous acid. 

The names in use in pharmaceutical chemistry (see the National Phar* 
macopceia) follow the Latin. Thus we have Acidum sulphuricum (sul- 
phuric acid) and Acidum stdphurosum (sulphurous acid). 

The names of the salts of the best-known (-ic) acids end in 
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-Hite^ e.g. potassinm chlorate, -sulphate, -phosphate. The salts of 
the '(ms acids hare the ending -itCy as potassium chlorite, -sulphite, 
-phosphite. The salts of hypo- -ous acids are called hypo- -ites; 
thus sodium hypochlorite, -hyposulphite, -hypophosphite. 

The names of the anhydrides correspond to those of their acids. 

In naming oxides the name of the element with or without the- 
ending -ic is used, unless there is more than one oxide. Where 
there are two oxides, the name of the one with the more oxygen 
ends in -ic, that of the other in -ous, e.g. mercuric oxide, arsenic- 
oxide, mcrcurous oxide, arsenious oxide. An oxide with less 
oxygen than the -ous compound is given the prefix hypo-, and one 
with more than the -ic oxide the prefix per-, as in the case of 
acids, thus hypochlorous oxide, lead peroxide. In some cases, for 
the sake of euphony, the suffix is added to the Latin instead of the 
English stem, as cuprous, ferric, etc. 

For historical reasons many names now in use do not conform to this 
system. In some instances the oxide first discovered took the sufiix -fc, and 
those subsequently discovered were named accordingly, as in the case of 
the nitrogen oxides (§ 119). 

It is not uncommon to speak of oxides of the general formula MaO» 
as sesquioitides, 

A much more rational system is to indicate the number of 
atoms of oxygen by the Latin or Greek numeral, e.g. chlorine 
protoxide, or monoxide, iodine pentoxide, etc. 

SVMIIAET OF THE HALOGEN OEOUP. 

64. It is Evident from the foregoing descriptions that the 
properties of the halogens and their compounds possess great 
similarity among themselves. A closer study reveals the fact that 
the increase of atomic weight is accompanied by a gradual change 
of physical and chemical properties. Let us notice the physical 
properties, for example : 



atomic weiffht 

Meliing-potnt 

Boiling-point 

8p. g. (liquid or solid).. 

Color 



F. 



19 



I pale green 
I ish yellow. 



01. 



85.45 
-102 
-33 

1.88 
greenish 
yellow. 



Br. 



79.06 
- 7 
4-68 
3.18 

brown. 



126.85 
+ 118 
4-200 
4.97 

violet black. 



Digitized by VjOOQ IC 



96 INORGANIC CHEMISTRY. 

It is seen that the values of the physical constants increase on 
the whole with the atomic weight. The purely metalloid char- 
acter of the first three is also found in iodine, although in the case 
of the latter an external characteristic of metals, viz., metallic 
lustre, is at once noticeable. 

The affinity for hydrogen decreases as the atomic weight 
increases. We saw that fluorine combines with this element even 
in the dark and at very low temperatures in an explosive manner; 
iodine unites with hydrogen directly only at a high temperature 
and the compound is easily decomposed by heat. Inversely the 
oxygen compounds are the more stable the higher the atomic 
weight of the halogen. WhilQ a halogen of a low atomic weight 
displaces a halogen of higher atomic weight from its hydrogen 
compound, e.g. 

HI + CI = HCl + I, 

the halogen with higher atomic weight can on the other hand 
replace one with lower in its oxygen compounds, setting that other 
one free: 

KCIO, + I = KIO, + CI. 

ELECTEOLTTIG DISSOCIATION. 

65. In § 30 it was stated that the properties of dry hydrogen 
chloride differ widely from those of an aqueous solution of this gas. 
It was also stated there that many substances undergo a similar 
change of properties when they are dissolved in water. We may 
now consider the nature of this change. 

If we investigate the freezing-point depression of the aqueous 
solution of an acid, base or salt of known concentration, we 
find that tlie depression does not correspond with the theoretical 
calculation (§ 43). The freezing-point depression and the boil- 
ing-point elevation are gre«ater than they should be. A 1^ 
sodium chloride solution would, for example, be expected to show 

19 
a depression of -^^-z = 0.325°, the molecular depression for water 

(§ 43) being 19, i.e. AM= 19, and the molecular weight of sodium 
chloride 58.5. In reality, however, the depression is found to be 
1.9 times as great, namely, 0.617°. As the osmotic pressure is 
proportional to the freezing-point depression (§ 42), it must also 
be greater than the calculated amount. 
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An analogous phenomenon is observed in the case of gases. 
In quite numerous instances the pressure exerted by a definite 
weight of gas occupying a definite volume at a definite temperature 
is greater than the calculation indicates. This is explained by 
assuming a breaking up of the gas molecules; the number of 
particles free to move about thus increases and accordingly the 
pressure becomes greater. This phenomenon is known as disso- 
ciation (§ 49). 

In the case of the abnormal osmotic pressure one is led to a 
similar explanation by assuming that the molecules are split up 
into several independent particles. A difficulty arises, however, 
when one considers how such a division is to be conceived. In 
solutions of salts in water it would be possible to assume a 
hydrolytic separation, i.e. into free base and free acid (§ 239), 
which would necessarily be complete in dilute solutions of the salts 
-of strong acids and bases, inasmuch as the osmotic pressure of such 
solutions in concentrations of ^^ normal (§ 93), for instance, 
amounts to double the calculated pressure. There are, however, 
serious objections to such a hypothesis. In the first place, it has 
never yet been possible to separate such a solution by diffusion into 
tlie free base and free acid which it is supposed to contain. A 
second and still more serious objection is that an acid or base in 
an aqueous solution by itself exerts an osmotic pressure greater 
than that calculated. Here, however, hydrolytic dissociation is 
impossible. 

The question as to the real nature of the division has found its 
answer in a consideration of the relation which exists between the 
abnormal osmotic pressure and the transmission of the electric 
current. Arrhenius observed that only those substances which 
conduct the electric current in aqueous solution, namely, acids, 
•bases and salts, show the above-mentioned abnormalities in osmotic 
pressure. When these substances are dissolved in another liquid 
than water, the resulting solution is a non-conductor, but its 
osmotic pressure again assumes the normal. These facts make 
plain the connection between these apparently very heterogeneous 
phenomena. 

In order to understand this relation it is necessary to know 
the usual explanation of electrolytic conduction. Let us consider 
hydrochloric acid as an example. Perfectly dry hydrochloric acid 
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gas is a non-conductor, as is also perfectly pure water. However, 
when the gas is dissolved in water, a solution is obtained which 
transmits electricity very well. E\ndently a certain reaction must 
have taken place between the water and the hydrogen chloride. 
We were led to surmise this above (§ 29), when it was found that 
this gas solution does not obey Henry's law. Since during the 
transmission of the current the hydrogen chloride is broken up 
into hydrogen and chlorine while the water remains unchanged, 
it must be assumed the hydrogen chloride molecules are the ones 
which have undergone a change. 

The phenomena of electrolytic conduction now find their com- 
plete explanation in the assumption that the change which the 
hydrochloric acid underwent consisted in a separation of its mole- 
cules into electrically charged atoms {io^isy This separation may 
have been complete or partial, the extent depending upon the con- 
centration among other things. When a current passes through 
the solution, the negatively charged chlorine ions (the anions) are 
drawn toward the positive electrode (anode); they become 
electrically neutral on contact with the latter and escape from th» 
liquid. Similarly the positively charged hydrogen ions (cations) 
wander toward the negative electrode (cathode). In this way 
conduction goes on, the undivided molecules having no part in it. 
This separation of the molecules is known as eleotrolytic dissocia- 
tion, or ionization. 

In order that this hypothesis may also account for excessive 
osmotic pressure, it must be assumed that the ions are independent 
particles, just as free to move as the molecules are supposed to be. 
The number of freely moving particles in the same volume is 
thus increased. Hence, whether the amount of ionization is cal- 
culated from the electrical conductivity or from the osmotic 
pressure, the result should be the same in so far as the above 
hypothesis is true. This is in reality the case. 

Supposing, namely, that every molecule yields n ions by the dissociation 
and that the dissociated portion of the whole number of molecules is a, 
the number of freely moving particles is 

1 - a -f wa = 1 -f a{n - 1). 

The osmotic pressure must therefore be [1 + a(n — 1)] times greater 
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than in the case of undivided molecules. If this pressure p ispo in the 
latter case, then 



ivherefore 



p = p«[l + «(n - 1)], 



P-P« 



(n - \)p9 



(1) 



From the electrical conductivity we are able to find the value of a in 
the following way: As the dilution becomes greater, the moleeular con- 
dttctivit}/ increases. This term implies the conductivity of the solution 
multiplied by the number which expresses how many liters a gram- 
molecule of the substance is dissolved in. As the dilution is gradually 
increased, the molecular conductivity approaches a definite limit. Since 
the conductivity is only due to the dissociated molecules, it may be 
assumed that, when this limit is reached, all molecules are divided into 
ions. If the molecular couductivity for infinite dilution is represented 
by Aoo and that for the dilution v (1 gram-molecule in v liters) by Av it is 
eyident that 

a = ^ (2) 

Below are given several values of a, calculated from the observed freez- 
ing-point depression (a„) and from the conductivity (a,) of solutions of the 
respective salts, in order to show the agreement of the values found in the 
two ways. The figures are for solutions containing 1 g. substance dissolved 
in a liter. 



(Xv 

ae 



KCl. 



0.82 
0.86 



NH^Cl. 



0.88 
0.84 



KI. 



0.90 
0.92 



NaNO,. 



0.82 
0.82 



66. In a case of electrolytic dissociation we have a state of 
equilibriam to deal with, namely, that between the undissociated 
molecules on the one hand and the ions on the other; an equilib- 
rium which in the case of a monobasic acid may be represented by 

AH ;i^ A' + H*, 

where A' is the acid radical (anion) and H' the hydrogen ion 
(cation). For a base we have 

moh;:^m + oh'. 

We may apply here the equilibrium equation deduced in § 49. 
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<}iven a gram-molecules of AH per unit-volume, of which x are 
divided into two ions each, then the equilibrium is represented by 

a - a: = Kx^. 

From this equation it necessarily follows that the dissociation 
is diminished (just as in the case of hydrogen iodide gas) iy the 
introduction into the solution of a substance with like ions. This 
effect may be produced on a salt in solution by the addition of a 
salt of the same base or a salt of the same acid to the solution. 
The equation then becomes in fact : 

a — a; = K*x(x + p), 

p being the concentration of the added ion. K can only remain 
constant when x diminishes. 

It also follows that the degree of dissociation depe?ids on the con- 
centration. If the latter b^ increased w-fold, we have from the 
above equation 

n{a — or) = Jui^x^, or {a — x) = K-n'O^, 

If n is > 1, a; must diminish, i.e. the ionization decreases with 
increasing concentration. If n is < 1, x must increase, i.e. the 
ionization increases with the dilution. When n is infinitely small, 
we have 

a = X, 

in other words, at infinite dihition the ionization is complete. 

We are now able to give another definition of acids and bases 
than that of § 30. Acids are those substances which give 
H'ions in aqueous solution; bases under the same condition give 
OH-io7is. 

All the properties of acids, bases and salts are closely connected 
with the degree of their ionization, — among others that which is 
indicated by the rather vague term *' strength" of an acid or base. 
Experience has taught that those acids and bases are strongest 
which are the most ionized for the same dilution. Hydro- 
chloric acid is, for example, stronger than hydrofluoric acid. At 
a dilution of one gram-molecule per liter the former is almost 
completely (about 80^) split up into ions, the latter only 3^. 

It was remarked above (§ 30) that acids turn blue litmus red, 
and bases red litmus blue. It is only natural to seek the cause of 
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these common properties of acids on the one hand and bases on 
the other in that which all acid solutions have in common^ namely, 
hydrogen ions, and in that which all solutions of bases have in 
common, namely, hydroxyl ions. The reactions between 
acids, bases and salts in aqueous solution are 
almost invariably reactions between their 
ions. We shall explain this later in many instances; the follow- 
ing example may suffice for the present. When dilute solutions 
of a base and an acid arc mixed, we have a salt solution (§ 30). 
In order to understand what reaction has taken place we must 
know that in dilute solution most salts are almost wholly split up 
into ions. Water itself, however, is split up only in an extremely 
small amount. In the equilibrium 

n,o;irno' + H, 

there is thus very little of the system on the right-hand side. 
Now, when a base and an acid are mixed, we have together in the 
solution M 4- Oir and A' + 11. Of these ions M and A' can 
exist freely side by side; but not so with H + OH', for these 
must unite to form water according to the above equilibrium. In 
the formation of the salt we therefore have only the It and OH' 
ions uniting, producing undissociated molecules of water. 

When Arrhenius presented the doctrine of electrolytic dis- 
sociation in 1887, it met at first with much opposition. It was 
seen that its effect would be to produce a veritable revolution of 
many previously accepted views. Compounds such as hydrochloric 
acid, sodium nitrate and others, which had ever been considered 
as the most Stable, were to be supposed according to the theory of 
Arrhexius to break up as soon as they dissolve in water. It also 
seemed nonsensical that we should have to assume the existence 
of free potassium and iodine in a solution of potassium iodide, for 
example, since potassium produces hydrogen and potassium 
hydroxide as soon as it touches water and since a KI solution is 
colorless, while iodine solutions are brown. 

So far as the first point is concerned, it should be noted that 
it is the solutions of these same strongly ionized compounds which 
are chemically the most active, a fact which indicates rather a loose, 
than a firm union of the constituent atoms in the molecules. In, 
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regard to the example of potassium iodide solution and other cases, 
care must be taken not to confuse atoms and ions. The solution 
of potassium iodide— retaining our illustration — contains neither 
free potassium nor free iodine but ions of potassium and ions of 
iodine. The atoms, however, must possess an altogether different 
energy-supply than the ions whose electric charges are very heavy, 
as can be proved by different methods. It is this energy-supply on 
which the properties of bodies depend; and since this is apparently 
entirely different with the ions than with the atoms, it is perfectly 
naturtd that the latter should display other properties than the former. 

SULFHUE. 

67. Sulphur was known to the ancients. It occurs free in 
nature, principally in the vicinity of active or extinct volcanoes. 
Sicily is its most important locality, but large quantities are also 
found in Iceland, Japan, the United States (Yellowstone Park) 
and Mexico. It is separated from the accompanying rock, or 
matrix, by fusion. 




Fig. 28.— Extraction op Sulphur. 



ExtTMtion. — In Sicily this has been done for centuries in a rather crude 
manner, the sulphur itself being used as fuel, whereby about one-half is 
lost. Fig. 28 represents a vertical section of a kiln. The latter is built in 
the side of a hill, as indicated, and the ore is piled up in it so that air-pas- 
sages (6) remain open. The entire heap is then covered with powdered ore 
(c) and on top of this with some calcined ore, by which means the entrance 
and circulation of air is largely prevented. This heap (calcarone) is ignited 
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below; a part of the salphur barns and the heat that it generates is suffi- 
•cient to melt the rest, which flows out at (a) and is collected in (d), 

Beflning. — The sulphur thus obtained is still impure, containing among 
other substances about Z% of sand. It is refined (Fig. 29) by distillation. 
The crude sulphur is melted in By whence it is let down into the cast-iron 
cylinder A, which is heated to a temperature above the boiling-point of 
sulphur. The vapor is conducted into a large brick chamber, equipped 
with a safety-valve for the release of air. If the distillation is conducted 
450 slowly that the temperature of the chamber does not exceed the boiling- 




FiG. 29.— Distillation op Sulphur. 

point of sulphur, the latter is deposited in the form of a fine powder, called 
'-''ftowei's of itulphur " — just as water vapor, when suddenly cooled below 
0*, turns to snow. Rapid distillation, however, yields a layer of liquid sul- 
phur on the floor. It may be let out through the opening Cand cast into 
slightly conical wooden molds. This is the roll sulphur, or roll brimstone 
of commerce. 

Besides occurring in the free state sulphur is also found in 
numerous compounds, from some of which it is obtained, e.g. 
pyrite, or iron pyrites, FeS^, which yields sulphur on heating: 

3FeS, = Fe,8, + 2S. 

Many other compounds of the element with metals, the s u 1 - 
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phides, occur in nature, e.g. galenite (lead sulphide), zhic 
blmde (sphalerite, zinc sulphide), stibmie (antimony sulphide), 
cinnabar (mercury sulphide), realgar and orpiment (arsenic sul- 
phides) and chalcopyrite (copper pyrites, copper and iron sulphide). 
Sulphur also occurs in the natural sulphates, of which gypsum 
(CaSO^ + 2HjO) is the most important. It is also found in the 
organic world as a constituent of the albuminoids. 

Physical Properties. — Sulphur can appear in various forms. 
At ordinary temperatures the stable form is a yellow crystalline 
solid; melting-point, 114:. 5°; boiling-point, 450°. A little above 
its melting-point sulphur is a mobile yellow liquid. With a con- 
tinued rise of temperature it becomes much darker in color and 
very viscid; at 250° it can no longer be poured; above 300", how- 
ever, it again becomes mobile, the dark color remaining; at 450° 
it boils, producing an orange-colored vapor. During cooling these 
phenomena reappear in inverse order. 

Sulphur is insoluble in water and difficultly soluble in alcohol 
and in ether; it is easily soluble in carbon bisulphide and in sulphur 
monochloride, S,C1,. 100 parts CS, dissolve 46 parts S at 22°. 

The inolecular weight of this element, more than that of any 
other, depends on the temperature. Sulphur dissolved in carbon 
bisulphide and in fused naphthalene possesses, according to the 
determination of the boiling-point elevation and the freezmg-point 
depression, tlie molecular formula S^. In the gaseous state the 
density (air = 1) varies from 7.937 at 467.9° to 2.23 at 860° and 



Pressure in mm. Mercury. 


Vapor.den8ity(air=l). Vapor^eD«lty corn.«pond- 


14.0 
20.5 
39.1 
81.6 
104.3 
539.2 


4.86 
6.08 
660 
7.51 
7.63 
7.89 


i8i=4.43 
S, = 5.54 
a. = 6.65 

8, = 7.75 
/S. = 8 86 



then remains constant even as high as 1040°, indicating that at the 
lowest temperatures sulpliur vapor consists of S^ molecules, and at 
860° of only ^S'^ molecules. At the boiling-point of sulphur 
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(450®) the vapor-density is found to vary with tlie pressure as 
fibown in the table. 

This shows that the vapor-density increases rapidly at low pres- 
sures and slowly when the pressure becomes higher than about 100 
mm. However, the increase is continuous. It may therefore be 
concluded that the dissociation of S^ molecules into ^S^ molecules 
proceeds steadily till it is complete, and that at intermediate 
intervals the vapor is a mixture of S^ and S^* 

68. Allotropic Modifications, — The ability of sulphur to form 
molecules of very different number of atoms is probably the reason 
why it exists in several allotropic conditions. At least four solid 
forms are known, while in the liquid state the viscid modification 
may also be considered as an allotropic form. The solid allotropic 
conditions can be divided into crystallized and amorphous. Sul- 
phur is dimorphic, forming rhombic as well as nionocii?u'c crystals. 
The former are transformed into the latter on heating. 

Rhombic sulphur can be obtained in beautiful crystals by allowing a 
solution of sulphur in carbon bisulphide or chloroform to slowly evaporate. 
MoQoclinic snlphur is easily obtained in the following manner : Some snl- 
phur is fused in a large crucible and allowed to cool slowly until a crust 
forms on the surface. The crust is then broken through and the liquid 
sulphur poured out; the sides of the crucible are found to be covered with 
long, yellow transparent needles. In the course of a few hours these become 
opaque and brittle, however, and crumble at the slightest touch to a 
powder, that consists of rhombic crystals. 

Amorphous sulphur can be obtained in two ways, the proper- 
ties of the two products being unlike. Thus we have an amorphous 
snlphur soluble, and another insoluble^ in carbon bisulphide. 

The soluble kiud results from the decomposition of certain sulphur 
compounds. When hydrogen sulphide water is exposed to the air, sul- 
phur slowly separates in the form of a white powder. The polysulphides 
(CaSn, K,8n, etc.) yield, when decomposed by an acid, a cloudy milk-like 
liquid, which is found to contain extremely fine particles of amorphous 
sulphur. In either case there is always formed in addition to the soluble 
variety some insoluble (in CS,) sulphur. 

The insoluble form may be best prepared in the following manner: 
Sulphur is heated till the viscid stage is reached, and is then poured in a 
fine stream into cold water, whereby the semi-solid plastic modification is 
formed, which becomes brittle after a time. Sulphur in this state is, ex- 
cepting a small portion, insoluble in carbon bisulphide. Plastic sulphur 
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passes gradually over into the rhombic form; at 95* the transformation is 
sudden and accompanied by the evolution of considerable heat. 

69. Chemical Properties. — Sulphur combines directly with 
many elements, not only metals but also metalloids. It has been 
already stated (§ 10) that it bums with a blue flame when heated 
in air or in oxygen. The halogens and hydrogen unite with it 
directly. Powdered iron and sulphur, when mixed and heated, 
combine energetically, producing great heat (§ 20). Copper takes 
fire in the vapor of boiling sulphur. When mercury and sulphur 
are rubbed together in a mortar, black HgS is formed. The 
sulphur compounds of the metals are called sulphides. 

THE TRANSmOK-POINT. 

70. As stated in § 68 sulphur can crystallize in two forms, 
rhombic and monoclinic. These forms can be readily transformed 
one into the other. The peculiar phenomena connected with this 
transition deserve a closer study. At ordinary temperatures sul- 
phur is rhombic and remains so till the temperature 95.4° is 
reached, above which there begins a slow but complete transforma- 
tion into the monoclinic form. Inversely, when the monoclinic 
modification is subjected to a temperature below 95. 4°, a complete 
change into the rhombic form occurs. At the temperature named 
the two modifications are equally stable and can exist side by side 
in any proportions for an indefinite period; above it only the 
monoclinic, below it only the rhombic, can exist permanently. 
Sucli phenomena are not infrequent. The temperature at which 
the one system passes into the other is called the transition-point, 
also point of inversion. This transition-point possesses great 
analogy with the melting-point. Just as ice, for example, is 
changed into water above 0° and water into ice below 0°, so in a 
system of substances possessing a transition-point only one system, 
is stable below that point, above it only the other. 

The theoretical explanation of both phenomena is exactly the 
same. Let us consider a body, ice for example, at temperatures 
slightly below its melting-point, and represent graphically in the 
diagram OTP (Fig. 30) the values of the vapor tension corre- 
sponding to different temperatures. The result is the line marked 
ice in the figure. This vapor-tension curve, if prolonged through 
and beyond the melting-point, is found to bend sharply at the 
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latter and take a new direction. This deflection is very slight in 
the case of ice and water, but nevertheless capable of experimental 
proof; it is much plainer with benzene and many other substances. 
By carefully cooling water it can be made to remain liquid even 
under 0° ; such a liquid is said to be superfused. The vapor 
tension of this superfused water is greater than that of ice afc the 
same temperature and the curve representing the former is but a 
continuation of the vapor-tension curve for water. Since the 
vapor tension of superfused water is greater than that of ice, water 
at temperatures below 0^ must, according to previous conclusions 
(§ 43, 3), pass into ice, when the two are in contact. However, 
the vapor tension of water at a temperature slightly above 0° will 
be less than that of ice and we shall have the ice transformed into 
water. It is therefore evident that both above and below the 
melting-point one of the systems will necessarily disappear. 





Exactly the same explanation can be offered for the trmisiiiou' 
point. Below 95.4° the vapor-tension of rhombic sulphur is less 
than that of monoclinic ; above, the vapor-tension of the rhombic 
variety exceeds that of the monoclinic. There is therefore a com- 
plete transformation from one system to the other when the tem- 
perature is other than 95.4°, for the same reason as in the case of 
the melting-point ; moreover, just as ice and water under ordinary 
pressure can exist side by side indefinitely only at 0°, so both 
modifications of sulphur are coexistent only at 95.4°, since only 
then is the vapor-tension equal in both systems (Fig. 31). 

Among other methods for the determination of the transition- 
point a convenient one is the dilatometric method. It is based on 
the change of volume (specific gravity) which a body usually under- 
goes on passing through the transition -point. In measuring this 
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a dilatometer is used, an instrament which may be com- 
pared to a thermometer of very large dimensions. After rhombic 
salphur, for example, has been placed in the dilatometer, the 
latter is filled with a chemically indifferent liquid (kerosene, lin- 
seed oil) and put in a large water-bath; the temperature is then 
slowly raised. Below the transition-point the volume is seen to 
slowly and steadily increase with the temperature on account of 
expansion; as soon as the temperature gets a trifle above 95.4°, 
however, a marked increase of volume is observed, although the 
temperature be maintained constant; thereupon expansion again 
proceeds gradually, as before, if tlie temperature is allowed to rise. 
The marked change of volume indicates the transition of the 
rhombic sulphur into monoclinic. 

THE PHASE BULE OF 0IBB8. 

71. Very many physical and chemical phenomena have been 
correlated and made easy of comprehension by a theorem which 
GiBBS has deduced thermodynamically. He calls it the ** phase 
rule. " In order to understand its meaning it is necessary to con- 
sider first a few definitions. 

We may take, for example, a saturated solution of salt and 
water in a vessel that is closed with a movable piston. Under 
this solution let there be a little solid salt, above it the vapor of 
the solution. The salt and the water, of which the system is made 
up, are called by Gibbs substances, i.e. those coinpoiieuts which can 
combine with each other in variable proportions (forming in this 
case a solution). Moreover, the system consists manifestly of three 
parts, that can be mechanically separated; viz., solid salt, solution 
and vapor. Gibbs terms such parts of a system phases. The 
system under consideration is made up, according to these defini- 
tions, of two substances and three phases. 

So long as the temperature remains constant, the vapor of the 
salt solution possesses a definite tension. If we increase the 
volume by raising the piston, a definite amount of water will evap- 
orate; since the solution was saturated, the result will be that a 
little salt will be deposited ; in the end the quantities of vapor, 
solution and salt will therefore have altered, but the composition 
of each phase remains the same. The tension, and hence also the 
concentration, of the vapor is unchanged, since the temperature. 
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is constant; there is likewise no change in the concentration of the 
salt eolation. The same is true in case the volume be diminished. 
It therefore follows that the equilibrium of such a system is inde- 
pendent of the quantities of the various phases. An equilibrium 
of this sort is called by Gibbs a *' complete" equilibrium and, 
since the system is not homogeneous throughout, but consists of 
three parts which can be mechanically separated, it is termed a 
complete heterogeneous equilibrium. It possesses the following 
characteristic: At a definite constant temperature the vapor tension 
is fixed; if it be made even slightly larger or smaller, one of the 
phases will gradually and completely disappear, provided the tem- 
perature remains constant. On increasing the pressure the gaseous 
phase wholly condenses, so that only solution and salt remain. 
A decrease of pressure results in the complete evaporation of the 
solution, vapor and salt only being left. 

The same is true when the pressure remains constant and the 
temperature varies. 

An entirely different behavior is shown by a system made up 
of an unsaturated salt solution and its vapor. At a constant tem- 
perature and a definite position of the piston the vapor tension has 
a definite value, as in the former case. If, however, the volume 
of vapor be changed, the tension will correspondingly vary, for, if 
the volume be increased, for example, more water evaporates, the 
solution becomes more concentrated and the vapor tension of 
course lessens. Therefore for every definite temperature there are 
not simply one but infinitely many vapor tensions under which 
this system can be in equilibrium. The result is that the slightest 
change of volume or pressure does not necessitate the disappear- 
ance of one of the phases. Qibbs calls this sort of equilibrium an 
incomplete heterogeneous equilibrium. 

Suppose that a solution of salt that is not quite saturated be 
put under the piston and the piston slowly raised, the temperature 
remaining constant. The vapor tension will thereupon steadily 
decrease till the point is reached when the solution is saturated. 
Any farther increase of volume has no effect on the vapor tension, 
because salt at once begins to separate out and the concentration 
of the solution does not change any more. At the moment the 
solution becomes saturated the incomplete heterogeneous equilib- 
rium passes over into the complete. 
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The phase rule may now be expressed thus: A complete hetero- 
geneous equilibritim exists tvhen /t substances form n + 1 phases. 
If less phases are present, the equilibrium is incomplete. 

The example of the salt solution illustrates this well* In the 
case of complete equilibrium there were two substances (wat^r and 
salt) and three phases (solid salt, solution and vapor) ; in the case 
of incomplete equilibrium there were also two substances present, 
but only two phases. 

Let us apply the phase rule to water and to sulphur, in order 
to see what significance is given to the melting-point and the 
transition-point by this method of treatment. In both cases we 
have only one substance; complete equilibrium will therefore exist 
when two phases are present. In the case of water three phases 
are possible, namely, ice, liquid and vapor. 

In the following graphic representation. Pig. 32, the tempera- 
tures, ty are plotted as abscissae, the pressures, P, as ordinates.. 





Fig. 38. 



Let us first consider liquid water above 0°. To every temperature 
there corresponds a definite vapor tension. The ordinates of every 
point in the line OB indicate these vapor tensions. If the pressure 
at a certain temperature were greater than that indicated by the 
ordinate, the gaseous phase would completely disappear. The line 
OB therefore represents the boundary between the liquid and 
gaseous phases for the various temperatures and pressures. Every 
point in the area COB represents the liquid, every point in A OB 
the gaseous, phase. Only the points of the line OB indicate the 
temperatures and corresponding pressures, at which both pha 
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are coexistent. The line OB therefore ends on one side at 0° ; its 
other end is at the critical temperature, since at this point vapor 
and liquid become identical. — Let us now allow the temperature 
to fall below 0°. The liquid phase disappears and ice takes its 
place. The ordinates of the points on the line OA again give the 
vapor tensions of ice for different temperatures. For the same 
reason as iabove OA is the boundary-line between the solid and 
gaseous phases. Only along this line are the two coexistent. The 
line OA extends to the absolute zero, since the gaseous phase then 
disappears. 

The melting-point of ice depends somewhat on the pressure, 
being lowered by increasing pressure 0.0075° per atmosphere. 
Both phases, ice and water, will therefore be coexistent along the 
line OC, which shows a very considerable rise of pressure for a 
very slight fall of temperature. In this case also a change of 
pressure at a constant temperature, or the reverse, involves the 
complete disappearance of one of the phases. The line OC will 
end at a point where the liquid and solid phases become identical, 
i.e. where the whole system turns to a homogeneous amorphous 
mass. The location of this point has not yet been ascertained. 

The point 0, the melting-point of ice, is, according to the 
above mode of representation, the point of intersection of the three 
lines, which separate the phases and along which two phases are 
coexistent. It is called a triple point. Only in this point is it 
possible for the three phases to exist side by side ; it is the common 
point of the areas which represent regions of the three phases. 
The more general significance which attaches itself to the melting- 
point as a result of the application of the phase rule is readily seen. 

In the case of sulphur we have one substance and four possible 
phases: rhombic, monoclinic, liquid, gaseous. Fig. 33 makes 
plain the relation between these phases. Below 95.4° sulphur is 
rhombic; the two phases are rhombic sulphur and vapor. The 
line OA forms the boundary between the two regions. At 95.4** 
the rhombic phase passes into the monoclinic. The ordinates of 
the line OB represent the vapor pressure of monoclinic sulphur at 
the temperatures 95.4°-120°. The two crystallizable phases can 
exist side by side at the point (the transition-point). Accord- 
ing to researches by Reich er this transition point depends on the 
pressure; an increase of pressure of one atmosphere raises it about 
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0.05°. The boundary between the crystallized phases is therefore 
furnished by a line OC, which shows that a very slight rise of tem- 
perature is followed by a very considerable increase of pressure. 
At we have therefore a triple point, i.e. a point common to both 
crystallized and the gaseous phases. At B, the melting-point of 
monoclinic sulphur, there is a second triple point, which is wholly 
analogous to the melting-poini; of ice. Finally, it should also be 
noted that the line BC\ which separates the liquid and the solid 
phases, must indicate a rise of melting-point for an increase of 
pressure, since sulphur melts higher the greater the pressure. The 
lines OC and BC are not parallel but intersect, according to 
Tamman's experiments, at 151° and 1281 atmospheres. 

At the triple point neither the temperature nor the pressure 
can be changed without altering the kind of equilibrium. This is 
well expressed by saying that the system is nonvariant, or it has 
no degree of freedom. Along the lines OA^ OB and OC, however, 
any temperature may be selected and the pressure will under suit- 
able conditions conform to it, or vice versa. This system is there- 
fore univariant, or it has one degree of freedom. It is likewise 
easily seen that an unsaturated solution represents a divariant 
system, because in this case the temperature and pressure (within 
certain limits) can be selected at will. 

We are now able to express the phase rule in a different •way. 
There arc in general w + 2 phases when a system of n substances is 
nonvariant. If, then, we call the number of phases P, the number 
of substances B and the degrees of freedom F, we have in general : 

P+i^= ^ + 2, 
every phase less giving one more degree of freedom. 

HTDBOGEN SULPHIDE, SULFHUSETTED HYDBOGEK, H,S. 

72. This gas occurs in nature chiefly in volcanic regions. 
Certain mineral waters, especially the so-called '' sulphur springs " 
contain it. It is also found as a putrefactive product of organic 
bodies. 

Hydrogen sulphide can be obtained from its elements by 
synthesis. They unite almost completely when heated together 
for a long time (about 168 hours) at 310°. 
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It can also be obtained by the action of hydrogen on sulphur 
compounds as well as by the action of sulphur on compounds of 
hydrogen; the reduction of silver sulpliide, Ag^S, with hydrogen 
at high temperatures illustrates the former case, while the boiling 
of turpentine oil with sulphur is an example of the latter. 

None of the above methods are adapted to the preparation of 
the gas in the laboratory. For this purpose the interaction ot a 
sulphide with a hydrogen compound is employed, iron sulphide 
and dilute acids being generally used : 

FeS + 2HC1 = FeCl, + H,S. 

In order to have sulphuretted hydrogen always at hand, it being in con- 
stant demand in analytical work {qf. § 73), a very convenient apparatus 
-was devised by Eipp, which can be used for the generation (at ordinary 




Fig. 34.— Kipp Gbneratob. 

temperatures) of other gases as well. Its construction is shown in the 
figure. 

Two glass globes B anc} G are joined together by a narrow glass neck, 
while a long tube from a third globe A fits air-tight into an opening at the 
top of B and extends nearly to the bottom of the lowest globe without com-, 
pletely closing the passage from B to C, The iron sulphide is put in B and 
the dilute acid poured through A into C, the cock D remaining open. As 
soon as C is filled, the cock is closed, and A is then half-filled with more 
acid. When the cock is now opened the liquid sinks in A and rises into^, 
reacting with the iron sulphide to produce HaS, which escapes through D. 
On closing the cock the gas continues to be evolved till it forces the liquid 
out of B ; the reaction thus ceases automatically and the generator ia 
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ready at any time to supply uew quantities of gas on opeuing the cock, tilt 
either acid or sulphide is exhausted. The spent acid can be let out through 
a stoppered opening in C, 

On account of the free iron usually present in iron sulphide, the gas 
prepared in this manner contains some iiydrogen. Perfectly pure 
HaS is obtained by warming antimony sulphide, SbiSi , with concentrated 
hydrochloric acid. 

Physical Properties. — Hydrogen sulphide is a colorless gas of 
disagreeable odor, when diluted reminding one of rotten eggs. 
Under a pressure of about 17 atmospheres it becomes liquid at 
ordinary temperatures; liquid hydrogen sulphide boils at — Gl.8^ 
and freezes at — 85°. The gas is rather soluble in water, 1 vol. 
water dissolving 4.37 vols. H,S at 0° ("hydrogen sulphide 
water "). It is poisonous; as an antidote very dilute chlorine may 
be inhaled. 

Chemical Properties, — Iiydrogen sulphide is combustible and 
yields on combustion either sulphur dioxide and water or water 
and sulphur, according to the air-supply : 

II,S + 30 = n,0 + SO,; H,S + = H,0 + S. 

In aqueous solution it is slowly oxidized by the oxygen of the 
air, sulphur being set free ; this decomposition is aided by light. 
In order to preserve sulphuretted hydrogen, it must be prepared 
from boiled (air-free) water and put into a dark bottle, filled 
entirely and closed air-tight. The latter condition is best met by 
placing the bottle, stopper downwards, in a glass of water. 

Hydrogen sulphide is a powerful reducing agent. Bromine 
water and iodine solution are decolorized by it with separation of 
sulphur (g§ 45 and 48). 

Various oxygen compounds are transformed by hydrogen sul- 
phide into compounds with less oxygen, e.g. chromic acid is 
reduced in acid solution to a chromic salt (§ 295). Fuming nitric 
acid acts so vigorously that a slight explosion occurs. When 
hydrogen sulphide is passed over lead dioxide, it ignites, while the 
latter is reduced. Concentrated sulphuric acid, H,SO^, is also 
reduced; hence it cannot be used for drying the gas. 

Hydrogen sulphide possesses the character of a weak acid; 
when it is passed over zinc, copper, tin or lead, the corresponding; 
sulphides are formed and hydrogen is set free. 
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Composition of hydrogen sulphide. When a bit of tin is heated 
in dry hydrogen sulphide — in a tube over mercury, — tin sulphide 
and hydrogen are formed. After cooling it is seen that the volume 
of hydrogen is just as great as that of the hydrogen sulphide. 
The same result is obtained when a platinum wire is heated to 
redness (by an electric current) in the dry gas, causing the latter to 
break up into its elements. Since 
the hydrogen molecule is H, , there 
must be two atoms of hydrogen in 
the hydrogen sulphide molecule. 
Now the specific gravity of hydro- 
gen sulphide has been found to be ^^^-,^.^^,:, 
1.1912 for air = 1, or 17.15 for Fio. 35.— Decomposition of H, 8. 
O = 16. The grammolecule there- 
fore weighs 34.30 g., and, as it contains 2 g. hydrogen, there 
remains for sulphur 32.3 g. This figure is very close to the atomic 
weight of sulphur, hence there can only be one atom of sulphur 
present in the molecule of hydrogen sulphide. We thus conclude 
that the formula is H,S. 

73. Use of Hydrogen Sulphide in Analysis. — Hydrogen sulphide 
finds extensive use in qualitative analysis. A large number of 
metals are precipitated by it from acid solutions as sulphides. 
These are, with the exception of certain rare elements, gold, 
platinum, arsenic, antimony, tin, silver, mercury, lead, bismuth, 
copper and cadmium. Some of these sulphides have a character- 
istic color, e.g. the orange-red antimony sulphide, Sb^S,, the 
yellow cadmium sulphide, CdS, the brown stannous sulphide, SnS, 
the yellow stannic sulphide, SnS,, and the yellow arsenic sulphide, 
AfljSj. The rest of the sulphides named are black. Other metals, 
such as nickel, cobalt, iron, manganese, zinc, chromium, aluminium, 
etc., are not precipitated by hydrogen sulphide from acid solution, 
but are precipitated by ammonium sulphide. Still other metals, 
such as barium, strontium, calcium, magnesium and the alkalies, 
are not precipitated from their solutions even by ammonium sul- 
phide, so that we therefore possess in sulphuretted hydrogen and 
its ammonium compound a means of separating these elements. 

An answer to the question, why some elements are precipitated 
from acid solution by hydrogen sulphide and others not, is fur- 
nished by the ionic theory. Given, for example, a dilute solution 
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of copper sulphate, into which hydrogen sulphide is being passed. 
Copper sulphate is almost entirely ionized, hydrogen sulphide only 
in a very small amount (d). We therefore have in the solution 

Chi + SO/' + 2(5H + (5S" + (1 - <J)H,S, 

the cations being represented by a point and the anions by a line 
above and to the right, and the number of these points or lines 
indicating their valence (§ 76). 

The copper ions and sulphur ions vill then unite partially to 
form undissociated molecules, GuS, which are only slightly soluble 
in water and are therefore precipitated. As S-ions thus disappear, 
the equilibrium between hydrogen sulphide and its ions is dis- 
turbed; new H,S molecules are then split up into ions, so that 
there are again S-ions present, which can unite with copper and 
so on. The action proceeds according to the equation: 

CuSO, -h H,S = CuS + H,SO„ 

Insol. 

or, if only the ions which take part in it are represented: 

Cu'+ S" = CuS. 

This takes place quantitatively if the copper solution is dilute and 
no considerable amount of any strong free acid was added. How- 
ever, if these conditions are not fulfilled and if the concentration 
of the hydrogen ions is therefore rather great, the latter reduce the 
ionization of H,S so much (§ 66) that no precipitate can be 
formed. The formation of this precipitate depends namely on the 
following condition : Copper sulphide, when in contact with water, 
dissolves to an extremely small extent; in this solution we have the 
equilibrium 

Cu'+S"nCuS. 

If the concentrations of the two ions are a and l, and that of the 
undissociated copper sulphide is c, we have the equation 

ab = k'Cy 

k being a constant for a fixed temperature (§ 66). 

The product ab is known as the solubility product. For every 
saturated solution it has a definite value. If in any given case it 
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be less than this yalue^ nothing can separate out from the solution^ 
becaase the solution will then be unsaturated; if, however, it be 
greater for some reason or other, the dissolved substance is precipi- 
tated. 

As soon then as the concentration of the S-ions becomes so 
small (because of the reduction of the ionization of hydrogen sul- 
phide by the H-ions of the acid) that it makes the value of ab 
smaller than that of the solubility product for copper sulphide,, no 
precipitate will be formed. If, however, the liquid is diluted, the 
concentration of the H-ions decreases; then, if hydrogen sulphide 
is passed in, thafc of the S-ions increases. The value of the solu- 
bility product can in this way be exceeded, in which event copper 
sulphide will be precipitated. 

If a strong acid be added to a precipitate of copper sulphide 
suspended in water, only a very small amount of the latter will 
distjolve; to bo rnre, the Il-ions of the strong acid will remove a part 
of the S-ions, yielding some undissociated hydrogen sulphide, so- 
that in order to establish equilibrium a trace of copper sulphide 
must go into solution; but soon the point will be reached when so 
many Cu- and S-ions are again in the solution that the value of 
the solubility product is reached. After ' this moment no more 
copper sulphide goes into solution. Since the value of the solu- 
bility product is very low, the solubility of the sulphide in dilute 
strong acid3 is very* slight; hence the precipitation of the copper 
sulphide becomes possible. 

On the other hand, if the solubility product of a sulphide is 
greater, as in the case of iron sulphide, the addition of sulphuretted 
hydrogen to the solution of an iron salt, e.g. ferrous sulphate, 
FeSO^ , will cause no precipitate of iron sulphide, and iron sulphide 
will, unlike the previous case, be dissolved by dilute strong acids. 
When hydrogen sulphide is led into a solution of ferrous sulphate 
to the point of saturation, the concentration of the S-ions is, on 
account of the slight ionization of hydrogen sulphide, not great 
enough together with that of the Fe-ions to equal the solubility 
product of iron sulphide, hence no precipitate forms. Moreover, 
when dilute hydrochloric acid is added to iron sulphide, the 
H-ions and the S-ions form undissociated H,S molecules and the 
concentration of the S-ions does not therefore become great 
enough in comparison with the value of the solubility product to. 
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prevent solution; hence in the presence of enough acid all the 
iron sulphide goes into solution. 

It now becomes clear, too, why iron solutions are precipitated 
by ammonium sulphide. This takes place according to the equa- 
tion 

FeSO, + (NHJ,S = FeS + (NHJ,SO,. 

In this case there are no H-ions in the solution to act on the 
iron sulphide. 

The reason for the non-precipitation of metals like barium, 
etc., either by sulphuretted hydrogen or ammonium sulphide lies 
in the easy solubility of their sulphides. 

Hydrogen Fersiilphide. 

74. On boiling a solution of a base, potash or lime, with sulphur, 
polys 11 Iphides are formed, i.e. compounds like KaSi , KiSi , etc., 
up to KaS* or CaS». When a solution of these substances is treated with 
bydrochloric acid, a dense oily liquid, hydrogen persulphide, separates out, 
whose composition is approximately represented by the formula HtS«. It 
is, however, very unstable; it can not, for instance, be distilled, even in a 
vacuum. 

Compouodi of Salphor with the Halogens. 

75. If chlorine is conducted over molten sulphur, inlphnr monoohloride, 
SiCla , is formed. Its formula is based on its vapor-density and analysis. 
It is a yellow liquid of a very disagreeable, pungent odor, which excites one 
to tears. It boils at ISO** and possesses in a high degree the ability to dis- 
solve sulphur — at ordinary i*'rapeiaturos as much as 66jf. This solu- 
tion is a thick syrupy liquid. It is used in the vulcanizing of rubber. 

It is slowly decomposed by water. 

2SaCU + 2H,0 =. SO, + 3S + 4HC1. 

Snlphor dichloride, SCla , is obtained when the monochloride is saturated 
with chlorine at a temperature of 6'*-10*' and the excess of chlorine then 
expelled by a current of carbonic acid. It is a dark red liquid and is also 
decomposed by water. 

Sulphur tetrachloride, SOU , is formed when the monochloride is satur- 
rated with chlorine at — 22". It is stable only at temperatures as low as this ; 
at C* it is chiefly dissociated into CU and SCla ; at + 6* this dissociation is 
complete, the vapor-density being then reduced one-half, as the separation 
of SCI4 into SCla and CI9 requires. Sulphur tetrachloride forms crystallized 
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oomponnds with certain other chlorides, thus SAIGU'SOK, SnGl«*2SC],, 
etc. It is a yellowish-brown, very mobile liquid. 

The existence t>f the compounds SOU and SGI 4 in the free state is by no 
means so definitely established as one would conclude from its description 
in almost all text-books. However, one argument that was formerly urged 
Against their existence has been shown by the phase rule to be of no conse> 
•quence, viz., the fact that the tension of a solution of chlorine in the 
monochloride at a constant temperature depends on the amount of chlorine 
contained. It was thought that this tension must be independent of 
it up to a definite point, when SGU or SGh should be formed, for then 
we should have a mixture of SiGU , SGU and SGh , whose partial tensions 
together would produce the total tension. So long as these three substances 
are present — it was assumed — the tension of the solution at a given tem- 
perature must remain constant. However, we have here according to Gibbs 
(§ 71) two substances (sulphur monochloride and chlorine) and only two 
phases (the solution and the gas), hence an incomplete heterogeneous 
equilibrium, in which case the vaiK>r tension at constant temperature is a 
variable. We can conceive this also in the following way: the tension of a 
mixture of liquids depends on their relative quantities, because their mu- 
tual presence diminishes the vapor pressure of each, and this diminution 
is a function of their quantities. 

Bromine and iodine yield sulphur compounds analogous to those of chlo- 
rine. Sulphur introduced into fluorine burns and gives a compound SF« , 
a gaa which is not decomposed at ordinary temperatures by water, alkalies 
or quicksilver ; at — 55** it becomes a white crystalline mass. 

VALENGE. 

76. Certain elements have the property whereby their atoms 
can combine with only one atom of another element. The halogens 
on the one hand and hydrogen on the other are able to form only 
compounds of the type HX (X = halogen). This property of the 
atoms is called univalence. 

In the case of other elements like oxygen and sulphur each 
atom can enter into compounds with two univalent atoms (exam- 
plea: H,S, 11,0). These are therefore called bivalent. 

The number of univalent atoms that can combine with one 
atom of a given element serves in an analogous way as a measure 
of Talence in general. An atom of nitrogen, for instance, unites 
with three atoms of hydrogen; nitrogen is therefore trivalent; 
carbon is quadrivalent, etc. 

The valence of one and the same element may be different 
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according to the nature of the univalent elements with which it 
combines. Sulphur, for instance, can only unite with two 
hydrogen atoms, but with univalent chlorine it forms the com- 
pound SCl^, with fluorine even SP,. The valence of sulphur in 
these cases is therefore four and six. The preparation of sulphur 
compounds with more than six univalent atoms has not yet been 
accomplished; hence its maximum valence is six. 

The halogens are univalent towards hydrogen, but in relation 
to each other they are plurivalent, as may be seen from the com- 
pounds IClj and ICl^; in the compound 01,0, (§ 60) the maximum 
valence of chlorine can even be assumed to be seven. 

It has bfeen quite generally observed that when the maximum 
valence of an element is an even or an uneven number, its lower 
valences are of the same sort ; the halogens and sulphur illustrate 
this. However, there are exceptions to this rule. 

The number of bivalent atoms which combine with an atom of another 
element can also servo as a measure of valeuce. We shall soon become 
acquainted with compounds of sulphur, SOi and SOt, in which its valence 
may be considered as four and six ; this is made clear by the formulas 

®Cn ^^^ ®^^' ^^ which each line stands for a valenc« (unit bond). It 

should, however, be noted that sulphur may also be considered as bivalent 

O 
in these compounds, according to the formula S < i . This differs from 

the above only by the assumption of a bond between the oxygen atoms. 
Which of the two formulae for SOi is correct has not yet been determined. 
The basis for this sort of formulae is the idea, borrowed from organic 
chemistry, that the atoms of a molecule may not assume any conceivable 
arrangement whatsoever, but that there is a definite order in every molecule. 

Valence of Ions. — In the solution of an electrolyte the sums of 
all the positive and all the negative amounts of electricity must 
be equal, for the solution acts as electrically neutral. In a solution 
of hydrochloric acid the positive charge of the H-ions must be 
numerically equal to the negative charge of the 01-ions and, since the 
same number of both ions are present, every one of them must carry 
the same but opposite charge. In a sulphuric acid solution, how- 
ever, the two Il-ions together must possess just as much positive elec- 
tricity as the SO^-ion negative electricity. The SO/'-ion is there- 
fore called bivalent in respect to the hydrogen ion. It is readily 
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Eieen how the valence of other ions can be determined in an 
analogous manner; it is indicated by the numerical value of the 
quantity of electricity with which they are charged, that of the 
hydrogen atom being taken as unity. 

Compounds of Sulphur with Oxygen. 

77. Of those containing only the two elements four are known^ 
viz., S,0,, SO,, SOjand S,0,. Especial importance attaches itself, 
however, only to SO, and SO,; the two others have been little 
studied. 

Sulpliiir Setqnlozide, StOa. 

This is obtained wheu sulphur is treated with the trioxide. It is a blue 
liquid, which congeals to a malachite-green mass and is soluble in fuming 
sulphuric acid, giving a blue solution. On being warmed it breaks up into 
sulphur and the dioxide : 

28,0, :^- 380, + 8. 

Water decomposes it with the formation of sulphur, sulphurous acid and 
polythionic acids. 

SULPHirR DIOXIBE, BITLPH1TS0ITB ANHYBRIBE, 80,. 

78. This gas occurs in nature in volcanic gases. It is formed 
when sulphur burns in the air or in oxygen; the well-known odor 
of burning sulphur is due to it. A little trioxide is also formed 
by this combustion. The laboratory method of preparation con- 
sists in decomposing sulphuric acid with copper. 

2H,S0, + Cu = CuSO, + SO, + 2H,0. 

For this purpose concentrated sulphuric acid is heated with 
copper turnings, no action taking place at ordinary temperatures. 
The process can be explained by supposing that at the high tem- 
perature of the reaction copper first displaces the hydrogen from 
a molecule of acid; the hydrogen then reacts with a second mole- 
cule of acid, reducing it thus : 

H,SO, + 2H = SO, 4- 2H,0. 

It has actually been found that concentrated sulphuric acid is 
reduced at a high temperature to sulphurous oxide by leading in 
hydrogen. 
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The reduction of concentrated sulphuric acid by heating with 
charcoal is also a conyenient method of preparation : 

2II,S0, + C = 2H,0 + 2S0, + CO,. 

However^ as this equation shows, the gas is obtained mixed with 
one third of its volume of carbon dioxide^ from which it cannot be 
separated directly. 

Moreover, sulphur dioxide can bo obtained by the action of 
oxygen on sulphur compounds, thus, e.g. by the roasting of pyrite 
in a current of air : 

FeS, + 30, = SO, + FeSO,. 

pyrite. 

This reaction is employed on a large scale in the commercial 
manufacture of sulphuric acid. 

The action of sulphur on oxygen compounds also yields sul- 
phurous oxitle, e.g. heating copper oxide or manganese dioxide 
with sulphur : 

2CuO + 2S = Cu,S + SO,; MnO, + 2S = MnS + SO,. 

Finally, the dioxide is formed by heating an oxygen compound 
(CuO) with a sulphur compound (CuS): 

CuS + 2CuO = 3CuO + SO,. 

Physical Properties. — At ordinary temperatures and pressures 
sulphur dioxide is a gas. It has a peculiar taste and odor. It is 
.easily liquefied, the boiling-point being — 8°. Its evaporation 
produces a marked depression of temperature, sometimes extending 
to — 50°; at — 76** it becomes solid. Liquid sulphur dioxide dis- 
isolves many salts, in some cases with a characteristic color. It is 
very soluble in water; at 0° 1 vol. H,0 dissolves 79.79 vols. SO,, 
at 20" 39.37 vols. SO,. Boiling the solution expels all the gas 
(§ 84). 

Chetnical Properties. — Sulphur dioxide is an acid anhydride; 
its aqueous solution has a sour reaction and behaves in general like 
that of an acid (§ 84). It is easily oxidized by oxidizing agents to 
the trioxide. This occurs, for instance, when a mixture of sulphur 
dioxide and air or oxygen are passed together over hot spongy 
platinum or platinum asbestos. In aqueous solution this oxidation 
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takes place readily at ordinary temperatures. The oxidation of 
the dioxide can also he brought about by chlorine water, bromine 
and iodine: 

CI, + 2H,0 + SO, = H,SO, + 2HC1; 

also by chromic acid, which is reduced to chromium sulphate, or 
by potassium permanganate, which is reduced to a mixture of 
manganese and potassium sulphates and therefore loses its color: 

2KMnO^ + 5S0, + 2H,0 = K,SO, + 2MnS0, + 2H,S0,. 

Lead peroxide starts to glow in a current of sulphur dioxide 
and is reduced to lead sulphate — ^f rom brown to white : 

PbO, + SO, = PbSO,. 

It is to its reducing action that the bleaching effect of sul- 
phurous oxide on vegetable coloring-matters is due. A red rose, 
for example, loses color in it. The gas probably reacts with 
water, setting hydrogen free, which latter effects the reduction 
and hence the bleaching: 

SO, + 2H,0 = H,SO, + II,. 

In this case therefore bleaching depends on a reduction; as a 
matter of fact the color returns in many cases, when the bleached 
article is exposed to the oxidizing action of the air. Silk, woolen 
and straw, i.e. substances that cannot stand the chlorine bleach- 
ing, are whitened commercially with sulphurous oxide. It also 
finds use as an antiseptic. 

The redaction of iodic acid by sulphur dioxide is sometimes employed 
as a test for the latter. For this purpose strips of paper are dipped in a 
solution of potassium iodate and starch, which turns blue in the presence 
of sulphur dioxide— iodine being set free (§47.) 

If the reaction is carried out in dilute solution, a peculiar phenomenon 
is observed ; the blue color of starch iodide does not appear directly when 
the solutions of SO9 and HIOs are mixed, but is withheld for a certain num- 
ber of seconds (definite for every concentration at constant temperature), 
when it suddenly appears. The following reactions come into play : 

I. 3S0,aq + HIO, = SH.SOiaq + HI. 

The hydriodic acid thus formed is at once oxidized by the iodic acid 
still present: 

II. 5111 4- HIO, = 3HaO + 81. 
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So long as SOs is present, it reduces the iodine in this dilute solution 
to HI: 

III. 21 4- SO,aq + H.O = H,S04aq + 2HL 

Not until all the dioxide is used up by the reactions I and III does the 
free iodine suddenly appear according to II. 

There are some substances which are able to extract oxygen 
from sulphur dioxide, i.e. the latter can also act as an oxidizing 
agent. Ignited magnesium ribbon continues to burn in sulphur 
dioxide, forming magnesium oxide and sulphur. Hydrogen sul- 
phide and sulphur dioxide haye respectively an oxidizing and a 
reducing effect on each other which follows mainly the equation : 

2H,S + SO, = 2H,0 + 3S. 

It is decomposed by electric sparks into sulphur and the^ 
trioxide. 

The action of the electric sparks is to be ascribed solely to the sudden 
and enormous rise of temperature which they produce and the rapid cool- 
ing that immediately follows, for the gas particles whieh have become 
heated by the sparks are immediately cooled again by surrounding objects^ 
As a result the products formed do not have time to react in the opposite 
direction. The correctness of this view was demonstrated by St. Glairk 
Deville with the help of an apparatus which made it possible to cool ob- 
jects very rapidly from a very high temperature. This apparatus, the 
cold-hot tube, consists of a rather wide porcelain tube, which is heated 
to a bright glow in a furnace and which contains a concentric thinner 
metallic tube, through which cold water is forced so rapidly that the tube 
maintains a low temperature. When Deville introduced sulphur dioxide- 
into the space between the two tubes, it was seen after some time that the 
inner tube, which was made of silver-plated copper, had turned black be- 
cause of the formation of silver sulphide, while at the same time the for- 
mation of sulphur trioxide could be detected (by its producing sulphuric 
acid with water, a precipitate being given by barium chloride). 

The cotnposition of sulphur dioxide can be determined in the 
following manner: When sulphur bums in oxygen no change of 
volume is observed after cooling. Therefore just as many mole- 
cules of sulphurous oxide have been formed as oxygen molecules 
consumed. The sulphur dioxide molecule must therefore contain 
two molecules of oxygen. The specific gravity of the gas has been 
found to be 2.2639 (air = 1), or 32.6 (0 = 16), so that its molec- 
ular weight is 65.2. If we subtract 2 X 16 from this for twa 
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sterns of oxygen, there remains 33.2 for snlphar, the atomic 
Weight of which is 32. We thus see that only one atom of sulphur 
is present in the molecule of sulphurous oxide and that the formula 
•of the latter is SO,. 

SULPHTTB TBIOXIDE, 8ULPHUBIC AKHTDBIDE, 80.. 

79. This compound is found in a small amount in the fumes 
of burning sulphur (§ 78). As was stated above, oxygen and 
sulphur dioxide unite to form the trioxide in the presence of 
platinized asbestos. A similar contact action is also brought about 
by iron oxide, Fe^O,, chromium oxide, CrjO,, and a few other 
substances. Upon this is based a commercial process for the 
manufacture of sulphur trioxide (see § 86). The catalytic action of 
those substances must be regarded as in the preyious cases (§ 49), 
that is, the combination of SO, and takes place also without the 
catalyzer, but very slowly. The formation of a small amount of 
SO, on burning sulphur proves it. The action of the catalyzer 
only consists in accelerating the process. 

Sulphur trioxide can also be obtained by heating certain sal-> 
phates; in the arts ferric sulphate is thus used: 



Fe,(S0,), = FeA + 3S0,. 



"Fuming sulphuric acid" (oleum) is a solution ol 
sulphur trioxide in sulphuric acid; the anhydride can be obtained 
from it by distillation. 

Physical Properties. — Sulphur trioxide is at ordinary tempera- 
tures a thin mobile liquid (boiling-point 46°), which can be cooled 
to 0° without solidifying, but on being cooled still more forms an 
ice-like mass, melting at 15°. It is best known in another modifi- 
cation, viz. , as long needle-like crystals having a silken lustre and 
the general appearance of asbestos. These crystals do not melt, 
but on heating them they turn directly to vapor. This modifica- 
tion is the stable one; the other changes spontaneously into this 
one, and is thus the unstable modification. It is probable that the 
asbestic form consists of (SO,),^ molecules, in which n is still 
undetermined, while the glacial form consists of SO, molecules. 
The first would thus be a polymer of the latter. 
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Chemical Properties. — Sulphur trioxide unites very easily with 
water to form sulphuric acid : 

SO, + H,0 = H,SO,. 

It therefore fumes vigorously when exposed to moist air. On 
introducing it into water, combination and great evolution of heat, 
accompanied by sizzling, results. It reacts energetically with 
many metallic oxides also, forming sulphates. Baryta, for exam- 
ple, glows in contact with it. When its vapor is passed through 
a red-hot tube, it is decomposed into dioxide and oxygen. 

Compositioru — The decomposition just mentioned permits us 
to establish the composition of sulphuric oxide. The dissociation 
products, SO, and 0,, are formed in the volume ratio 2 : 1. Now 
the vapor density of sulphuric oxide is 2.75 (air = 1), from which 
the molecular weight is calculated to l)e 79. 1. This figure corre- 
sponds to the formula SO, (32 -f 3 X 16) and it also harmonizes 
with the above dissociation ; for it is clear that 2 vols. SO, must 
then yield 2 vols. SO, and 1 vol. 0,: 

2SO3 = 2S0, + 0,. 

2 vols. 2 vols. 1 vol. 

Sulphur Heptoxide, SiOv. 
80. This compound is formed when a mixture of equal volumes of dry 
oxygen and sulphur dioxide is subjected to a dark electric discharge of 
high potential It consists of oily drops which cry8ti»Uize below 0* and 
slightly above that temperature break up into trioxide and oxygen. With 
water it forms sulphuric acid and oxygen : 

4H,0 + 2S,0t = 4HaS04 + O, . 

Oxygen Acids of Sulphur. 
81. Sulphur forms an unusually large number of acids with 
oxygen and hydrogen, namely nine. They are as follows: 

1. Thiosulphuric acid HaSaOi . 

2. Hyposulphurous acid H9SSO4 . 

8. Sulphurous acid H9SO1 . ' 

4. Sulphun'c acid H^SO* . 

5. Persulphuric acid HsSsOb . 

6. Dithionic acid HgSaOt . 

7. Trithionic acid HaSiO. , 

8. Tetrathionic acid H3S4O6 . 

9. Pentathionic acid HsSsO. , 
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It is an important fact, however, that of these nine acids only sulphuric 
acid has really been isolated ; all the others are known only in aqueous so- 
lution or in the form of salts. The two hydrogen atoms which each of these 
acids possesses are both replaceable by metals ; they are therefore dibasic 
acids. With such acids it is possible that just one of the hydrogen atoms 
be replaced by a metal. The salts thus formed are called acid salts. 

By different methods, for instance the cryoscopic, it is found, that the 
aqueous solution of dibasic acids AHa contains chiefly the ions H and 
HA'; it is only when these solutions are very dilute that the anion HA' it- 
self splits up into H and A". In the case of the Ma A salts, however, there 
is an ionization into 2M + A"; but in that of the acid salts MHA the ions 
are chiefly M and HA'. How far the anion HA' is split up does not depend 
merely on the concentration, but also in a considerable degree on the 
strength of the acid, HA' being more ionized in strong than in weak acids 
of the same concentration. 

THIOSULPHTTBIC ACID, H,8i0|. 

82. This acid can only exist in dilute aqueous solution and is 
even then very unstable, decomposing completely in a short time. 
The salts are, however, stable and can be prepared in the following 
ways: 

1. By boiling the solution of a sulphite with sulphur: 

Na,S0,+ S=Na,S30,; 

Sodium sulphite. 

or SO," + S = S,0/', 

only the anion being changed. 

2. By the oxidation of sulphides in the air: 

2CaS, + 30, = 2CaS,0,. 

Calcium bisulphide. 

3. By the action of sulphur dioxide on the solution of a sul- 
phide: 

4Na,S + 6S0, = 4Na,S,0, + S,. 

The most important salt is the sodium thiosulphate, formerly 
and even yet often called sodium hyposulphite, or abbreviated 
" hypo''. It is very soluble in water; the solution, when used in 
excess, has the property of dissolving readily the halogen com- 
pounds of silver, hence its extensive use in photography (§ 247). 
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It is easily oxidized by oxidizing agents, usually to the sulphate. 
This takes place with jwtassium permanganate, nitric acid and 
chlorine, for example. Practical use is also made of this lattor 
property by employing sodium thiosulphate as an antichlor in 
bleaching, i.e. to remove the laut traces of chlorine which cling to 
the bleached material very obstiiuitely and have an injurious effect. 
When a dilute acid is added to a dilute solution of sodium 
thiosulphate, the following decomposition takes place: 

Xa,S,0, + 2HC1 = 2NaCl + 11,0 + SO, + S; 

or 8,0;' + 2H = HSO/ + II + S. 

Anion of sulphur- 
0U4 acid. 

It may be, however, that the ions first unite partially to 
form H,S,0,, which splits up into H,0, S and SO,. 

It is an interestiug fact that in this decompositiou in a dilute solution 
the sulphur precipitate is not at once visible, being first noticeable after 
some seconds, or even minutes according to the dilution. It was formerly 
supposed that the thiosulpburic acid remained entirely unchanged until the 
appearance of the sulphur and the decomposition first began at this 
moment. This is, however, incorrect ; for when a dilute solution of thiosul- 
phate is treated with an equivalent amount of dilute acid and the solution 
again neutralized before the appearance of the sulphur deposit, it is found 
that the latter appears nevertheless after some time. A certain part of the 
free thiosulphuric acid must therefore have already decomposed, but the 
sulphur was in a so very finely divided state in the liquid that it could not 
at once be detected, — not until it had gathered together to form larger 
particles. 

HypotulpharoiM Aoid, H^S^O^. 

88. As early ns the 18th century it was observed that zinc is dis- 
solved by a solution of sulphur dioxide in water without the evolution of 
hydrogen. Schutzenberger was, however, the firet to show that a [mrticular 
acid is formed thereby. A salt of this acid is produced by the action of zinc on 
a solution of acid sodium sulphite, NallSOa , or by the electrolysis of such 
a solution, the nascent hydrogen acting as a reducing agent. 

Ilyposulphurous acid, as well as its salts, is characterized by a vigorous 
reducing power. It precipitates the metals from solutions of sublimate 
(HgCU), silver nitrate and copper sulphate. Iodine solution is bleached by 
it with the formation of hydrogen iodide ; indigo is reduced to indigo- 
white. The solution is also very easily oxidized by free oxygen. It is 
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therefore used to determine the amount of oxygen dissolved in water. For 
this reason it must be kept in well-stoppered vessels. 

Bernthsen has recently succeeded in preparing the solid sodium salt, 
which proved to have the composition Na^SsO^ -f 2HsO, so that the acid 
itself has the formula H9S9O4. 

This salt was obtained in preparing a concentrated solution of it, from 
>vhich it could be separated by the addition of a suitable amount of solid 
common salt. 

SULPHUEOUS ACID, H,80s. 

84. It is taken for granted that the aqueous solution of sulphur 
dioxide contains sulphurous acid, H,SOj, for this solution reacts 
■acid, conducts the electric current, gives salts with bases and 
evolves hydrogen with some metals, e.g. magnesium. The solution 
of sulphur dioxide in water does not conform to the law of Henry 
^§ 9) at ordinary temperatures, which proves that a combina- 
tion with the solvent has taken place. At higher temperatures, 
however, the solution obeys this law pretty well. A fact in con- 
firmation of this is, that all the sulphur dioxide can be expelled from 
the solution by boiling it, the combination being then wholly 
•destroyed. The compound H,SO, itself has, however, not yet been 
isolated. The salts have the composition M^SO, and MHSO, 
(M being an atom of a univalent metal). The acid salts are 
almost all soluble in water, while oi the neutral salts only those of 
the alkalies are soluble. The acid sodium sulphite, NaHSO, 
(sodium bisulphite), is frequently employed in organic chemistry. 

.Sulphites in solution gradually absorb oxygen from the air, form- 
ing sulphates. It is a very strange fact that minute quantities of 

•organic substances, e.g. only 0.1^ of alcohol, greatly hinder this 
oxidation. We have here an example of a retarding catalytical action. 

8ULPHUBIC ACID. H,S04. 

85. Sulphuric acid is the most important acid of sulphur. It 
•can be obtained in various ways; in the first place by direct 
synthesis from its elements. According to § 79 sulphur trioxide 
can be formed directly from sulphur and oxygen, and this yields 
sulphuric acid on the addition of water. 

The acid can be obtained from its salts by distilling them with 
phosphoric acid. Its formation from the action of oxygen on 
sulphur compounds is illustrated by the oxidation of an aqueous 

.SO,-8olution bv the air. On the other hand the action of sulphur 

3 - 
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on oxygen compounds may also give sulphuric acid; thus it is 
formed when concentrated nitric acid, HNO, , is boiled with sul- 
phur; and again, potassium sulphate is formed by heating sulphur 
with saltpetre (KNO,). 

Its formation by the action of an oxygen compound on a 
sulphur compound, namely, the oxidation of sulphur dioxide by 
oxygen compounds of nitrogen, is the usual method of preparing 
it commercially. Enormous amounts of the acid are manufactured 
by this process. 

86. The commercial manufacture of sulphuric acid 
is based on the following reactions: 1. the oxidation of sulphur 
dioxide by nitric acid in the presence of water; 2. the oxidation 
by the oxygen in the air of lower oxides of nitrogen formed from 
the nitric acid in the previous reaction. These are partly recon- 
verted to nitric acid and partly changed to certain stages of 
oxidation of nitrogen which oxidize sulphur dioxide anew to sul- 
phuric acid. By this last process the lower nitrogen oxides are 
again formed, but are soon reoxidized by atmospheric oxygen and 
so on. According to this theory a certain amount of nitric acid 
would suflftce to convert unlimited amounts of sulphur dioxide into 
sulphuric acid with the aid of the air. In practice this is not 
true, however; for the nitrogen oxides are to a small extent still 
farther reduced by sulphurous oxide, so that nitrous oxide or 
nitrogen are formed, and these are no longer able, under the con- 
ditions of the industrial process, to combine with oxygen. 

As may be seen from the above, the chemical process which 
lies at the basis of the manufacture of sulphuric acid is a very 
complicated one. As a matter of fact it has not yet been possible 
to explain it fully. 

In the main it takes the following course . 

I. Sulphur dioxide is oxidized to sulphuric acid by nitric acid 
in the presence of water: 

3S0, + 2HNO3 + 2H,0 = 3H,S0, + 2N0. 

The nitric oxide (NO) thus formed is again oxidized by oxygen 
and water to nitric acid : 

2N0 + 30 + H,0 = 2HN0,. 
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IL However, the nitric oxide may absorb oxygen according to 
a still different reaction : 

N0 + 0= NO,. 

Nitrogen 
dioxide. 

This nitrogen dioxide also has the ability to oxidize sulphurous 
oxide with the re-formation of nitric oxide : 

SO, + H,0 + NO, = H,SO, + NO. 

III. Sulphurous oxide and nitric acid, or sulphurous oxide, ni- 
trogen dioxide, oxygen and water, can react with each other so that 
a crystallized compound, nitrosyl sulphuric acid, SO,OH(ONO) 
('* lead-chamber crystals''), are formed. These are decomposed 
by water into NO + NO, and sulphuric acid : 

SO, + HNO, = SO,H(NO); 
2S0, + NO, + NO + 0, + H,0 = 2S0,H(N0); 
2S0,HN0 + 2H,0 = 2S0,H, + 2HN0,; 
2HN0, = NO + NO, -f H,0 {cf. § 126). 

The process of mannfacture of sulphuric acid falls into three 
separate parts : 

1. The preparation of sulphur dioxide; 

2. The oxidation of sulphur dioxide; 

3. The concentration of the resulting acid. 

(1) The material for the production of the dioxide is sulphur 
or pyrite (iron pyrites, FeS,). Sulphur yields a purer acid than 
pyrite; that prepared from the latter almost always contains 
arsenic. Since the use of sulphur is, however, more expensive 
than that of pyrite, the latter is almost exclusively employed by 
sulphuric acid manufacturers. Only a limited number of factories, 
particularly those supplying it for the pharmaceutical trade, make 
use of sulphur. 

The roasting of pyrite is carried on in furnaces, the construc- 
tion of which varies a good deal. In the furnaces of Olivier and 
Perrot (Pig. 36) both the coarse and the fine pyrite can be burned 
at the same time. In the lower part of these furnaces is a grate> 
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composed of a row of bars, a, on which the coarse pyrite is thrown. 
The charging is done through the door, A, The cinders collect 
in the lower part, whence they may be removed through a door at 
df which lies under the movable floor, F. The air that is necessary 
for the combustion enters through this door also. In the upper- 
most part of the furnace are four shelves made of fire-brick, h, b^ , 
b^, J,, on which the powdered pyrite (the ** smalls") is roasted. 
The latter is introduced through the door, c, and falls on the 






far: ,, ,',,v , ■■^: . - , 








Fig. 36.— Pyritk-furnacb 

upper shelf, J. Every six hours the charge is worked over with 
rakes and finally raked down on to the next lower shelf. The 
rakes are introduced through the doors, c^ , c, and c,. By this 
process the pyrite, as it becomes poorer in sulphur, passes into 
atmospheres that are progressively hotter and richer in oxygen. 
The spent cinders contain such a small amount of sulphur that 
they can be used for the extraction of iron. 

After the furnace-gases have circulated between the different 
shelves in the direction of the arrows, they reach a canal, H^ con- 
nected with a chamber, K^ in which the dust-particles carried 
along by the draft are deposited. This canal also conducts the 
gases on into the section of the factory where oxidation occurs. 

(2) The oxidation of the sulphurous acid is carried out in a 
structure (Fig. 37) consisting chiefly of three parts, the Glover 
tower. Ay the lead-chambers, B^ B\ B"y and the Gay Lussac 
tower, C. 
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The terms: 

B,J5',J5".Leaa^^ 
chambers. 

C, Gay Lussac 
tower. 

A^ Glover 
tower. 

P,Water-boiler. 

r. Pipe to chim- 
ney. 

it\ Pipe from 
third Cham* 
bertothoGay 
Lussac. 



Ground-plan. 
Fio. 87 — ScLPUURic Acid Factor y. 
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The Glover tower is made of sheet lead lined with acid-proof 
brick. It is filled with lump stone over which is laid a layer of 
smaller pieces of coke. On top of the tower is a reservoir for col- 
lecting the nitroso sulphuric acid (see p. 135) that comes from the 
Gay Lussac tower and the lead-chambers and is to be concentrated 
in the Glover tower. It flows down over the stone in the tower 
from a horizontally revolving tube. 

The lead-chambers are three or four in number and have a total 
capacity of 4000-5000 cubic meters. Their form is that of a 
parallelepiped, whose cross-section is nearly a square. The length 
is either the same in all or it gradually increases from the first to 
the last. Lead has been chosen as the material for the walls of 
the chambers, because it is the only one of the common metals 
which is only slightly attacked by sulphuric acid and the substances 
used in its manufacture. Experience has taught that the purer 
the lead is, the less it is corroded. The lead plates must not be 
joined with ordinar}^ solder (an alloy of lead and tin), since tin 
accelerates the action of the acid on lead. They have to be fused 
together. The lead walls are supported by a wooden framevrork. 

The lead-chambers are connected with each other, with the 
Glover tower and with the Gay Lussac tower by means of lead 
tubes so attached that the gases have to enter the upper part of the 
chamber and depart at the bottom, or vice versa. In the first two 
chambers, preferably near the tubes which supply the gases, but in 
other places as well, tubes are also introduced to conduct steam 
from the boilers, DD, 

The walls of the Gay Lussac tower are likewise of lead. IIeT6» 
however, it does not have to be protected by fire-brick, since the 
temperature of the gases coursing through the tower is not so 
high. Usually it is entirely filled with coke. On top of the tower 
is a reservoir containing CO^'-G^^ sulphuric acid (Baume, see 
p. 140), which comes from the Glover tower. 

Let us now examine the task that befalls each of these three— 
the Glover tower, the Gay Lussac tower and the lead-chambers. 

The gases that come from the pyrite-fumace consist of a mix- 
ture of sulphur dioxide and air, a larger proportion of the latter 
than is required for the oxidation. They have a temperature of 
about 300**, when they enter the Glover tower, Ay at the open- 
ing, GO. The gas current rising in the tower meets an acid mixture 
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flowing down from above. The latter consists of the nitroso acid 
from the Gay Lussac tower, diluted with the acid {chamber-acid) 
which collects in the lead -chambers, and a little nitric acid — this 
latter to replace the nitrogen oxides lost in the process. By means 
of the Glover tower the following is accomplished : In the first 
place, the acid which flows out from the tower contains only traces 
of nitroso products (g 128); these are volatilized and carried off 
with the hot gases coming from the pyrite furnace. In the second 
place, the sulphuric acid is relieved of some of the water with which 
it was diluted, the water being carried off as steam by the passing 
gas current. The acid has a concentration of 60°-62° Baume at 
the bottom. In the third place, the gases are cooled down to 
60°-80^ during the passage through the tower, and arrive at the 
top of it in just the right condition for the formation of sulphuric 
acid ; the Glover tower therefore yields a quantity of acid equal to 
at least one-tenth of the product formed in the chambers. 

From the Glover tower the gas mixture, now consisting of 
nitrogen oxides, steam and sulphurous oxide, goes to the first 
chamber, in which, as well as in the second, the above reactions 
are carried out. The third chamber serves principally to cool and 
dry the gases before they reach the Gay Lussac tower; on this 
account it is not supplied with a steam-pipe either. 

When the gases leave the third chamber, they still contain 
nitroso products, which cannot be allowed to escape without loss. 
The Gay Lussac tower serves for the purpose of retaining these by 
letting them dissolve in 62° Baume acid. The gases are led in at 
the bottom of the tower through the tube, tt'\ they give up their 
nitrogen oxides to the sulphuric acid with which the coke pUed up 
in the tower, as above described, is coated, and escape through the 
tube, r, which opens into the great chimney. By means of the 
latter a powerful draft is maintained throughout the entire plant. 

(3) The acid produced in the chambers contains about 67^^ 
H,SO^ (SB** Baume). In this condition it is employed directly in 
the manufacture of fertilizers (** superphosphate 'O* For almost 
all other purposes it must first be concentrated. Ordinary sul- 
phuric acid of commerce is of about 66° B. (B. = Baume), i.e. 
96-985^ H,SO^. It is prepared from the chamber-acid by evap- 
orating it first in lead pans to about 78^ (60° B.) and finally in a 
platinum vessel. 
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The lead pans (Fig. 38) are four in number and flat, A^ B^ 
C, /), and are joined together in a row on a cast-iron plate, which 




Fig. 88.— Concentration op Sulphuric Acid. 

is heated from below. The chamber-acid flows from A to D 
through these pans at such a rate that when it reaches the reser- 
voir, E, it is concentrated to 60° B. Each pan is connected with 
the succeeding one by a tube, in front of which is placed a lead 




Fig. 39.— Platinum Still. 

plate reaching almost to the bottom, so that it is always the most 
concentrated acid that flows out into the next pan. 

Prom the receiver, Ey the hot acid flows directly into the 
platinum retort, or still (Fig. 39), gold-plated on the inside, in 
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which the final concentration is carried out. In this apparatus 
continuous circulation is also effected. As the acid becomes more 
concentrated it enters a new apartment whose temperature is 
higher. To bring this about the retort is divided into four con- 
centric portions (Fig. 39). The acid enters at a, circulates in the 
direction indicated by the arrows and leaves the still at h in the 
desired strength. During this concentration the volatilized water 
carries off a little acid with it, so that a dilute, acid is collected at Oy 
which is returned to the factory. 

This crude sulphuric acid of commerce (**oil of vitriol") still 
contains various impurities and is usually mpre or less brown in 
color because of bits of straw (from the packing of the carboys) 
falling in and charring. It can be purified by diluting it, where- 
upon the dissolved lead sulphate is precipitated, and then stirring 
in a little barium sulphide. The latter produces insoluble barium 
sulphate, and also hydrogen sulphide, which precipitates any 
arsenic or lead (§ 206) still present. The acid is then decanted 
from the deposit, concentrated, and finally distilled. 

Manufacture of Sulphvric Acid by the Contact-methoch — In the 
" Badische Anilin und Sodafabrik,'' the great chemical factory at 
Mannheim, Germany, a much different method is adopted for the 
manufacture of sulphuric acid, or rather of sulphur trioxide (which 
is then mixed with a suitable portion of water). As we observed 
in § 79, sulphur trioxide can be obtained by passing a mixture of 
dioxide and oxygen over heated platinized asbestos. This process 
is used commercially with this change, that a mixture of dioxide 
and air are passed over the contact material. This process can now be 
carried out quantitatively, so that it is probable that it will soon be 
generally substituted for the ordinary one in the 'Mead-chambers.*' 

In order to make this method of real commercial value, there 
were chiefly two difficulties to overcome. The first was that the 
dioxide gas furnished by the combustion of pyrites or other 
material always contains dust, which deposits itself on the plati- 
nized asbestos and soon stops the catalytic action of the latter. 
This dust is removed by blowing steam in the gas and then wash- 
ing it carefully in a kind of Gay Lussac tower. The second is that 
the process SO, + = SO, develops considerable heat; as the 

process is reversible: SO, + ^ SO,, the temperature soon rises 

above the dissociation-point of sulphur trioxide; the result is that 
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the combination of the dioxide and oxygen is limited by the dis- 
sociation of the trioxide, or in other words, snlphur dioxide and 
oxygen no longer combine completely. It is thns necessary, in order 
to avoid this, to cool the gas mixture very carefully, especially since 
the dissociation begins at a point just a trifle higher than the 
temperature most favorable to the combination. This cooling is 
accomplished by the aid of the gas mixture itself, which is first 
allowed to circulate around the outside of the iron tubes contain- 
ing the contact mass, thereby reaching the desired temperature 
before it comes in contact with the catalyzer. 

87. Physical Properties. — The pure compound, hydrogen sul- 
phate, is an oily liquid at ordinary temperatures, solidifying at a 
low temperature and melting again at + 10.5°. Its specific 
gravity in the liquid state (15°) is 1.8372. 

Chemical Properties. — The concentrated acid obtained by dis- 
tillation is not the simple compound H,SOj , for it still contains 
about 1.5^ of water. In order to prepare the absolutely pure acid 
the distilled product must be mixed with the theoretical amount 
of sulphur trioxide. When pure sulphuric acid is heated, it 
begins at 30"^ to give off fumes of sulphur trioxide; this continues 
until the boiling-point, 338°, is reached, when an acid with 1.5j^ 
water distills over, having a specific gravity of 1.842 at 15°, that 
is, higher than that of the pure compound. On heating the vapor 
of sulphuric acid above the boiling-point, it begins to break up 
into water and the anhydride; this dissociation is complete at 
450°, for the vapor density at that temperature is found to be 25.1, 
while that of SO, + H,0 is theoretically 24.5. 

When sulphuric acid is mixed with water, a strong evolution 
of heat occurs. The mixing must therefore be done with great 
care, particularly in glass vessels, the acid being poured in a fine 
stream into the water and the liquid being steadily stirred. On 
mixing them in the reverse way, by pouring the water into the 
sulphuric acid, the intense heat that is produced may cause the 
glass to crack. However, when the acid is mixed with ice in a 
certain proportion, a strong cooling follows. 

The mixing of sulphuric acid and water is attended by a con^ 
traction, i.e. the volume of the dilute acid is smaller than the sum 
of the volumes of water and acid. 

Sulphuric acid is able to form hydrates with water. A 
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mixture of the same number of gram-molecules of acid and water 
congeals on cooling; the hydrate formed melts at 7.5° and has the 
composition H,SO^ + H,0. Still other hydrates are known also. 

Sulphuric acid is a strong dibasic acid; even in a moderately 
diluted state (e.g. in ^ normal solution, cf. § 93) it is almost 
wholly dissociated into H and HSO/ ions (see § 81). It acts on 
many metals, giving off hydrogen. This action is made use of, as 
stated above, in the preparation of hydrogen; the acid must, how- 
ever, be dilute, for when it is too strong or warmed, the hydrogen 
generated partially reduces the sulphuric acid so that the gas given 
off contains hydrogen sulphide. Sulphur dioxide also is formed 
when hydrogen is led into hot sulphuric acid. It is upon this 
action that the reaction of copper with hot concentrated sulphuric 
acid depends (§ 78). Mercury, silver and certain other metals are 
similar to copper in their behavior. Platinum and gold are not 
attacked by the acid. 

Sulphuric acid makes holes in paper, linen, dress goods and 
the like, when dropped on them. It has a destructive, charring 
effect on organic substances in general. This is due on the one 
hand to the great tendency of the acid to unite with water, which 
makes it not only deprive other substances of the water they con- 
tain, but also withdraws the hydrogen and oxygen from organic 
compounds to form water. On the other hand^ sulphuric acid gives 
up oxygen to many organic substances, being itself reduced. 

In order to detect free sulphuric acid in vinegar, for example, the liquid 
is evaporated on a water-bath with a little sugar. Free sulphuric acid, if 
present, chars the sugar during the concentration. 

The most of the salts of sulphuric acid (sulphates) 
are soluble in water. Barium, strontium and lead sulphates are 
insoluble, while calcium sulphate (gypsum) is slightly soluble, but 
only to a very small degree. The formation of barium sulphate, 
BaSO^, serves as a characteristic test for sulphuric acid, or, as we 
may better say, for the ion, SO/'. 

The sulphates are in general very stable. They can, for 
instance, be heated to very high temperatures without decomposi- 
tion. The acid salts lose water on heating, and pass over into 
pyrosulphates: 

2NaHS0, = H,0 + Na,S,0,. 

Sodium 
Pyrosulpbate. 
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If these pyrosulphates are heated still higher^ they give off sul* 
phnr trioxide and form neutral salts: 

Na,S,0, = l^a,SO, + SO,. 

88. Uses, — Sulphuric acid is of enormous practical value, its uses 
being most varied. It is employed in the preparation of almost all 
other mineral acids from the salts. In the manufacture of soda 
after Le Blakc it is used in astonishingly large amounts and in 
almost all other branches of chemical industry it is of some service 
or other. In the laboratory it is often employed as a drying-agent. 
A moist substance is dried very thoroughly when placed in a closed 
apparatus near a dish of the concentrated acid. For this purpose 
special pieces of apparatus are constructed, called desiccators. 

The determijiation of the concentration of sulphuric acid is an 
operation that is frequently necessary. Ordinarily the specific 
gravity is made use of, for this can be determined rapidly with an 
areometer. There are tables so prepared that the proportion of 
H,SO^ or SO3 in a dilute acid whose specific gravity and tempera- 
ture are known can be quickly read. Baume, a chemist of the 
latter part of the eighteenth century, constructed an areometer 
with an arbitrary scale, the zero-point of which indicates pure 
water and the point 10 being reached in a 10^ salt-solution. All 
the divisions are equal. lOOj^ H,SO^ would then be represented 
by the line 66.6. In the arts the strength of sulphuric acid is 
still given as so many ''degrees Baume." 

Fcming Balphnrie Acid. 

89. This is the name of a sulphuric acid that contains sulphur 
trioxide in solution. It is obtained by dissolving the oxide in 
concentrated sulphuric acid. 

Fuming sulphuric acid is a thick oily liquid, which fumes vigor- 
ously in the air, throwing off the trioxide. Sp. g. = 1.85-1.90. 
On cooling it pyrosnlphnric acid (H,S,0^ = H,SO^ + SO,) crystal- 
lizes out. Some salts of the latter are also known (§ 87). It 
forms large colorless crystals, that melt at 35°. Pyrosulphuric 
acid dissociates even at ordinary temperatures, and on gently 
warming breaks up completely into sulphuric acid and trioxide. 
Besides pyrosulphuric acid several other compounds of water and 
sulphur trioxide are known. 
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CHLOBIBBB OF BITLFHUBIC ACID. 

90. When phospboras pentachloride acts on sulphuric acid a compound 
SOaHCl, ohlorotnlphonio add, is formed : 

HaSO* + PCI. = SO.HCl + POCl, + HOI. 

The same compound results from the direct union of sulphur trioxide 
and hydrochloric acid. It is a colorless liquid, which fumes vigorously on 
exposure to the air. Sp. g. = 1.766 at 18**. Boiling-point, 168^ On the 
addition of water a violent reaction occurs, producing hydrochloric acid 
and sulphuric acid : 

S0,HC1 + H,0 = H,S04 + HOI. 

A compound, SOaOli, lulphnryl ohloride, is obtained by the direct union 
of sulphur dioxide and chlorine, most easily by first saturating camphor 
with sulphur dioxide (which readily dissolves in it) and then passing chlo- 
rine over it. The camphor remains unchanged. Sulphuryl chloride is a 
colorless liquid, which boils at 69.1**, has a penetrating odor, fumes strongly 
in the air and has a specific gravity of 1.6674 at SO"". The addition of a 
little water converts it into chlorosulphonic acid and hydrochloric acid, 
much water to sulphuric and hydrochloric acids : 

SO.Cl, + H.O = SO.HCl + HCl. 
S0.C1. + 2H,0 = H.8O4 + 2H01. 

These decompositions of sulphuryl chloride can be represented in the 
following way : 



„^ |01 + HIOH OH 

SO, ' =S0. + 



2HC1. 



CI + HlOH OH 



In the place of the two chlorine atoms we have, therefore, two OH 
(hydroxyl) groups entering. For this reason it is assumed, in close analogy 
with the methods of organic chemistry, that sulphuric acid contains two 
hydroxyl groups. From this it follows that the arrangement of the atoms 
in the molecule of sulphuric acid may be represented by the diagram : 

in which the SOi (sulphuryl) group is joined to two hydroxyls. Such a 
diagram is known as a straotural, or eoxiititiitional, formula. 
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For sulphurous acid, HsSOt, the analogous structural formula 

would be : SO^qS- As a matter of fact, organic derivatives of this acid 

(esters) are known which can be derived from an acid of this constitution. 
For the salts of sulphurous acid, however, another structure must be aa- 

/H 
sumed, viz.: SOi. In organic chemistry arguments are to be found for this 

\0H 
asymmetrical constitution of sulphurous acid salts. 



PoniUplLiirie Add, H,S,0«. 

91. The potassium salt, KsSsOa, of this acid can be obtained by the 
electrolysis of a cold saturated solution of potassium sulphate, EtS04, 
in sulphuric acid of 1.8 sp. g. In such a solution we may assume 
we have the ions fl and ESO4' ; the latter are discharged at the 
anode and can then unite to form KiSsOi, which is difficultly soluble 
and separates out as a white crystalline mass. However, the combination 
of two KSO4 groups only takes place when their concentration at the anode 
is quite high ; for if this is not the case there is more opportunity for sec- 
ondary reactions, for instance, to unite with water to form 2KHS0« and 
20H, the latter of which is decomposed into H«0 and O. Such a high 
concentration at the anode is reached by using a very small electrode. The 
electric current therefore has a high density at the anode, that is, a large 
quantity of electricity must pass through a small surface. The effect there- 
of is, that this large quantity discharges a great many KSO«' ions into a 
small space, or in other words, produces enough KSO« groups to make the 
concentration very high there. As low as 100" it decomposes in the follow* 
ing way : 

2K,8,0. = 2K,S,0t + 0.. 
K-pyrosulphAte. 

The barium salt of persulphuric acid is soluble in water, as are also 
most of the other known salts. The solution of potassium persulphate 
in sulphuric acid is called Carols liquid. It probably contains a compound 

. / /OH X 
HtSOft ( = SOi I , because a liquid with the same reactions is obtained 

\ \0,H/ 

by mixing hydrogen peroxide with an excess of strong sulphuric acid : 

X)H + N)H 

This compound is called by Babtkr snlphomonoper-acid ; it has very 
strong oxidizing powers. It sets iodine free from potassium iodide, ox- 
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idizes sulphur dioxide to triozide, and ferrous to ferric salts and also 
precipitates the higher oxides of silver, copper, manganese, cobalt and 
nickel from solutions of salts of these metals. On the other hand, it 
neither bleaches permanganate solution nor oxidizes solutions of chromic 
and titanic acids; in these respects it is distinguished from hydrogen 
peroxide (called by Baeter hydroperoxide), to which it otherwise shows 
much similarity. 

POLTTHIOHIC ACI2>B. 

92. Under this name are grouped four acids of the general 
formula H,S„0,, in which the number of sulphur atoms, n, can 
be 2, 3, 4 and 5, and this determines the names of the individual 
acids. 

Dithionio add, H^SsO*, The manganese salt of this acid is obtained 
when finely powdered manganese dioxide is suspended in water and sul- 
phurous oxide passed in : 

280, + MnO, = MnS,0.. 

At the same time a little si^lphuric acid is formed. Baryta water is 
added to the solution to precipitate the sulphuric acid as barium sulphate 
and convert the manganese salt into barium dithionate : 

MnSaO. + Ba(OH), = BaS^O. + Mn(OH),. 

From this bariam salt the dithionic acid can be liberated by sulphuric 
acid. The solution can be concentrated in vacuo over sulphuric acid till 
its specific gravity reaches 1.347 ; farther concentration or warming-re- 
sults in a decomposition : 

H,S,0« = H,S04 -I- 80,. 

Tritidonlo add, H,8aO«. Potassium trithionate is formed when a solution 
of potassium thiosulphate is saturated with sulphur dioxide : 

380, + 2K,8,0. = 2K,S.O. + 8. 

The compound is also formed when a solution of eqnimolecular amounts 
of sodium sulphite and thiosulphate are treated with iodine : 

Na,80. + Na,8.0, + 21 = 2NaI + Na,8,0.. 

The free acid is unstable ; even at ordinary temperatures it decomposes 
in a dilute solution into sulphur, sulphurous oxide and sulphuric acid: ' 

H,8,0. = H,804 +8+ 80a. 
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Tetrathionio aoid. Its salts result from the action of iodine on the solu- 
tion of a thiosulphate. 

K,S,0, -f 31 = 2KI -f K,S40.. 

The acid itself can be obtained by adding sulphuric acid to the barium 
salt, which is prepared in an analogous manner ; also only in dilute solu- 
tion. In the latter condition it is quite stable ; in the concentrated state 
it breaks up into sulphur, sulphurous oxide and sulphuric acid. 

Pentathionie acid. On mixing solutions of sulphur dioxide and hydrogen 
sulphide the principal reaction is a mutual oxidation and reduction of 
these compounds with the separation of sulphur (§78). The action is, how- 
ever, much more complicated, inasmuch as polythionic acids, among them 
pentathionie acid, are formed in addition at the same time. The mixture 
of HaS aq and SOa aq is known as ** Wackenroder's liquid." Well-crystal- 
lized salts of pentathionie acid have been prepsired. 

Use of Sodium Thiosulphate in Volumetric 
Analysis. lodometry. 

93. On adding sodium thiosulphate to an iodine solution, the 
intensely brown liquid loses its color, sodium iodide and sodium 
tetrathionate, two colorless compounds, being formed: 

2Na,S,0, + 21 = Na,S,0, + 2NaI; 

or writing only the ions that take part in the reaction: 
2S,0," + 21 = S,0/' + 21'. 

The disappearance of the color is thus due to the fact that the 
molecules of I are transformed into ions by taking up two negative 
charges from SS^Oj". Upon this fact a method is based for 
determining the amount of free iodine in a solution. This is done 
by allowing a solution of sodium thiosulphate whose concentration 
{litre) is known flow drop by drop into a definite volume of iodine 
solution. [For letting out a certain amount of liquid a pipette 
(Fig. 40) is commonly employed.] The color gradually brightens 
and finally a point is reached when the liquid is only slightly tinged 
and the addition of another drop causes the color to entirely dis- 
appear. This transition can be very accurately detected. The 
iodine molecules have now entirely disappeared. Since according 
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to the above equation a molecule of thiosulphate is consumed for 
each atom of iodine, the percentage of iodine in the solution can 
be calculated from the amount of thiosulphate used. 

To make the calculation of the result of such a determination 
{titration) as easy as possible the thiosulphate solution is so 
standardized that it bears a certain relation to an equivalent 
of iodine (= 127 g.), i.e. a certain amount bleaclies exactly this 
much iodine. 

'< Honnal solntion '^ is a name applied to a solution containing 
the equivalent weight (§ 23) in grams {gram equivalent) in one 
liter. Frequently use is also made of a ^, J, ^ or a twice, thrice, 




Fig. 40. Pipkttk. 




Pig. 41. — Burette. 



etc., normal solution. A normal hydrochloric acid contains 36.5 g. 
HCl, a normal sulphuric acid 49 g. H,SO^ (= ^ gram -molecule), 
a normal iodine solution 127 g. iodine, per liter. Detailed direc- 
tions for preparing such solutions can be found in the text-books 
on analytical chemistry. 



Digitized by VjOOQ IC 



146 INORGANIC CHBMISTRT. 

In order to determino readily the volume of thiosulphate solu- 
tion that is required in the analysis, use is made of a burette 
(Fig. 41), a glass tube that is divided into ^^^ c.c. and closed at 
the lower end with a glass stop-cock or with a rubber tube and 
pinch-clamp. In titrating the iodine solution the thiosulphate 
solution is allowed to flow out slowly and, finally, drop by drop while- 
the liquid is being stirred. 

Example. For 50 c.c. of an iodine solution whose strength is 
to be determined 27.30 c.c. ^ normal thiosulphate solution were 
necessary before all color had finally disappeared. Bequired the 
number of grams of iodine contained in 1 liter of this solution. 

1000 c.c. ^normal Na,S,0, solution (see above) decolorizes 

■^ equivalent of iodine (= 12.7 g.); 27.3 c.c. therefore decolorizes 

12 7 
27.3 X Y?^ g« iodine. This amount is contained in 60 c.c. of 

the iodine solution in question. Hence 1 liter of the latter con-^ 
tains 20 X 27.3 X 12.7 X lO* = 6.8842 g. iodine. 

Various other substances which liberate iodine' from potassium: 
-iodide can be determined by titrating the amount of iodine dis- 
placed; for example, chlorine and bromine may be thus determined ^ 
since they set free the equivalent amount of iodine from potassium 
iodide solution. 

SELEHIUM AITD TELLUBIUM. 

94. Selenium was discovered by Berzelius in 1817. It 
took its name from (T€\rfvrj (the moon), because it possesses great 
similarity to the element tellurium (named from tellus = the 
earth) discovered a short time previous. It is rather widely dis- 
tributed in nature; occurs, however, only in small quantities. It 
is frequently found in pyrite and also appears in some rare 
minerals. When this sort of pyrite is employed in sulphuric acid 
manufacture, the selenium collects in the '^ chamber-mud *' of the 
4ead-chambers; from this it is usually obtained. 

The process is as follows: The selenium deposit is heated with nitric 
acid, which oxidizes the selenium to seleuic acid, HtSe04. The solution 
thus obtained is first boiled with hydrochloric acid, whereby seienious 
acid, HsSeOa, is formed with the evolution of chlorine. This latter acid i& 
then reduced by means of sulpharous oxide to selenium, which separates in^ 
amorphous red flakes. 
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Selenium displays analogy with sulphur in many respects; for 
instance, in occurring in various allotropic conditions. According 
to Saunders, there is an amorphous red modification, that is 
soluble in carbon bisulphide; it separates from this Bolution in the 
form of a second modification which is the red crystalline selenium, 
fusing at 170°-180°. Then there is a metallic form fusing at 217°. 
This modification appears when amorphous selenium is heated to 
97°, at which point a sudden and marked rise of temperature 
occurs; or when molten selenium is suddenly cooled to 210° and 
kept for a time at this temperature. In this metallic state selenium 
has a metallic lustre, is insoluble in carbon bisulphide and con- 
ducts electricity. Its conductivity strangely depends very much 
on the intensity of its illumination, however. 

The melting-point of selenium is at 217°, its boiling-point at 
680°. As in the case of sulphur the vapor density decreases with 
rising temperature till about 1400° is reached, when it remains 
constant. At this temperature it is found to be 81.5 (H = 1), 
corresponding to a molecular weight of 163.0. Now since the 
atomic weight of selenium, as deduced from the vapor density o\ 
its compounds, is 78.9, the above molecular weight agrees very 
closely with the formula Se,. 

Hydrogen selenide, H^Se, can be obtained directly from its 
elements, as these unite at 400°. Analogously to hydrogen sul- 
phide, it can also be gotten by the decomposition of iron selenide, 
FeSe, with hydrochloric acid. At a high temperature hydrogen 
selenide dissociates into its elements. Its properties are only 
slightly acidic and it is more poisonous than sulphuretted hy- 
drogen. The heavy metals are precipitated from their solutions 
as selenides by it. 

An aqueous H,Se solution becomes turbid on standing because 
of the selenium that has separated out. 

Two chlorine compounds, Se,Cl, and SeCl^, are known. The 
latter is much more stable than the corresponding sulphur com- 
pound, SCl^ (§ 75). Selenium tetrachloride is solid and sublimes 
without decomposition ; dissociation does not begin until 200° is 
reached. 

Selenium dioxide, SeO, , is the only oxide of selenium known. 
It results from the burning of selenium in the air. The extremely 
disagreeable odor which arises is not a property of the dioxide^ 
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however, but is probably due to the formation of another oxygen 
compound of selenium which has not as yet been isolated. Sele- 
nium dioxide forms long white needles that sublime at 310°. 

Selenium dioxide is an acid anhydride; on dissolving it in water 
an acid, selenious acid, H,SeO, , is formed, which can be isolated 
(unlike sulphurous acid). This acid crystallizes in large colorless 
prisms. On heating it breaks up into water and anhydride. 
Sulphur dioxide or stannous chloride reduce it to free selenium, 
which is deposited in red flakes: 

HjSeO, + 2S0, + H,0 = 2H,S0, + Se. 

Sulphuretted hydrogen precipitates from the solution selenium 
sulphide, SeS, insoluble in ammonium sulphide. 

When chlorine is passed into the solution of selenious acid or 
when bromine is added to it, selenic acid, H,SeO^ , is formed. In 
the pure state this is a crystalline solid, melting at 58°. The 95^^ 
solution of it is an oily liquid, which has the appearance of sul- 
phuric acid. The barium salt of the acid, like that of sulphuric 
acid, is extremely difficultly soluble. 

On boiling with hydrochloric acid, selenic acid is reduced to 
selenious acid with the evolution of chlorine. 

Tellurium. 

96. Tellurium is of rare occafreuce ; it is known in the native condition 
and also in combination with bismuth, and with gold or silver (in sylvanite, 
or graphio tellurium). It is found chiefly in Siebenbuergen and in the 
Altai mountains, and also in Boulder Co., Colorado. In the amorphous con- 
dition tellurium is a black powder, but after fusion it is silvery white, of a 
metallic lustre and a conductor of heat and electricity. The vapor density, 
as in the cases of selenium and sulphur, decreases with increasing tempera- 
ture and does not remain constant till about 1400*; it then corresponds to 
a Tei molecule. 

Hydrogwn tellnrida, H«Te, results from the action of hydrochloric acid 
on zinc telluride, ZnTe. The product thus obtained contains more or less 
hydrogen. It is very poisonous, and dissociates readily. From solu- 
tions of the heavy metals it precipitates their tellurium compounds 
(tellurides). 

TeUnriam dioxide, TeOi, is formed on burning tellurium in the air. It 
is very difficultly soluble in water. 
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Telluriont aeld, U«TeO«, is obtained by dissolving tellariam in nitric acid. 
It dissolves in water with great difficulty and breaks up on warming into 
TeO, and H,0. 

Tellvrio aeid, H3Te04, is prepared by fusing the metal or the dioxide 
with soda and saltpetre and separating the acid from the tellurate formed. 
The compound HsTeOi + 2HsO crystallizes out from the aqueous solution; 
it loses its water of crystallization at 100°. The free telluric acid, H3TeO«, 
prepared in this way is a white powder, difficultly soluble in cold water. 
Telluric acid has only weakly acid properties. 

Selenium and tellurium both combine with potassium cyanide, when 
they are fused with it, compounds corresponding to EONS, viz., ECNSe and 
KCNTe, being formed. Nevertheless, while potassium t e 1 1 u r i o -cyanide 
is at once decomposed by the oxygen of the air with the separation of tel- 
lurium, potassium s e 1 e n i o -cyanide is more stable and does not decom- 
pose with the separation of selenium until it is boiled with hydrochloric 
acid. We have here a means of detecting selenium in the presence of tel- 
lurium and of separating the two. 

SUKMABY OF THE OXYOEH OBOUP. 

96. The elements oxygen, sulphur, selenium and . tellurium, 
like the halogens, form a natural group, particularly in two 
respects; their compounds correspond to a general type and their 
physical and chemical properties vary gradually with increasing 
atomic weight. Their hydrogen compounds have the formula 
RH,, their oxygen compounds and their acids the formulsB RO, 
and HjROj , and also ROj and H,RO^. Ozone may be considered 
with reference to these types as analogous to sulphur dioxide; 
O-O, ozone, S-0, sulphur dioxide. 

The following table shows the gradual change, or progression, 
of the physical properties : 





o. 


S. 


Se. 


Te. 


Atomic weiirht 


16.00 
1.124 
(at - 181*) 


82.06 
1.96-2.07 

114.5* 

450' 

yellow. 


79.07 
4.2-4.8 

217* 
680- 
red. 


127 


Specific gravity 

Meltinir-Doint 


6.2 
462' 


Boiling-point 

Color 


' - 181.r 
light blue. 


white heat 
black. 







As the atomic weight increases, the values of the physical con- 
stants also increase, as the table shows. At the same time the 
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external appearance approaches that of the metals; in tellurium 
the metallic appearance is quite marked. 

The instability of the hydrogen comf>ounds increases from 
oxygen to tellurium; the strength of the oxygen acids diminishes 
rapidly, sulphuric acid belonging to the strongest, and telluric acid 
to the very weak, acids. 

It should also be noted that all of these elements appear in 
allotropic modifications. 



THEBMOCHEMISTBY. 

97. It was stated above (§ 20) that a chemical combination or 
decomposition is accompanied by an evolution or absorption of 
heat, in other words by a heat-change, or caloric effect. In many 
cases this caloric effect has been carefully measured. The work 
of Berthelot and of Thomsen along this line has been especially 
fruitful. That part of chemistry which deals particularly with 
these caloric effects is called thermochemistry. 

The caloric effect is always given for molecular amounts of the 
reacting substances, since in this way only is it possible to compare 
substances from a chemical standpoint. Hence, when the heat of 
formation of water is said to be 69.0 calories (kilogram-calories), 
it is implied that this number of calories is evolved by the union 
of 2 g. hydrogen with 16 g. oxygen: 

2H -f = H,0 + 69.0 Cal. 

In this equation H and stand for gram-atoms. In expressing 
a caloric effect it is necessary to indicate the state of matter 
the reacting and the resulting substances are in, in so far as this is 
not self-evident, because the latent heat of fusion or vaporization 
must be taken into consideration. 

The above amount, 

2H + - H,0„quid = 69.0 Cal,, 

refers to the formation of water and its conversion to a liquid. It 
therefore includes the heat of condensation. Since this amounts 
to 0.536 Cal. per gram, it would in this case (for 18 g.) be 9.6 Cal. ; 
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lience the caloric effect of the combustion of hydrogen to steam at 
100° is 

2H + O = H,0ga8 + 59.4 Cal. 

The caloric effect is also influenced by the condition, whether 
«olid or dissolved, in which the substances react, inasmuch as solu- 
tion is almost always accompanied by a heat-change. In the 
formation of sodium chloride by the mixture of dilute solutions of 
sodium hydroxide and hydrochloric acid (this being indicated by 
«q after the formulas of the substances) the caloric effect is : 

NaOHaq + HClaq = NaClaq + H,0 + 13.7 Cal. 

When the salt is, however, prepared by passing hydrochloric 
acid gas into a dilute solution of the base, the equation is as 
follows: 

NaOHaq + HClgas = NaClaq + H,0 + 31.1 Cal. 

We thus obtain 13.7 Cal. as before, but increased by the heat of 
solution of gaseous hydrochloric acid in a large amount of water, 
Tiz., 17.4 Cal. 

The heat of formation of chemical compounds must be equal 
to their heat of decomposition, but have the opposite sign. Were 
this not the case, heat would b3 lost or gained when a com- 
pound is formed and then decomposed so as to return to the 
original condition, and such a result would be at variance with the 
Law of the Conservation of Energy. 

In many instances a distinction must be made between heat-cJianges &nd 
^nergy-ckanges in a reaction, particularly wherever positive or negative 
work is done on the system from without. For example, work is per- 
formed by the surroundings when the reaction takes place under atmos- 
pberio pressure, and is attended by a decrease of volume. In this instance 
the heat evolved, IT, represents the sum of the energy produced, E, and 
the work, Ay performed from without. W— E + A, In the case of 
reactions attended by an increase of volume uuder constant pressure A is 
negative, hence W = E — A, 

The difference between the evolution of heat and of energy in such cases 
is not always to be overlooked, ef^pecially when tlie change of volume is a 
result of the increase or diminution of the number of gas molecules. In 
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that case the difference is considerable, but is easily calculated. The evo- 
lution of heat amounts to 0.6 Cal. more than the energy given off for each 
gram-molecule of gas that disappears in the reaction (i.e. over and above, 
any new gas produced). 

Energy generated, 2H + O — H,Oifquki = 69.0 Cal. 
Heat generated, 2H + O — HsOuquid = 69.9 Oal. 

The difference, + 0.9 Oal., is due to the disappearance of ligram-moleculrrf 
of gas. 

Experience has shown that in the formation of most compounds 
heat is generated^ but that in many cases heat is absorbed. 
Chemical actions of the first sort are called exothermic, those of 
the second endothermic, reactions. An example of the second sort 
is the synthesis of chlorine monoxide : 



201 + = Cl,Ogas - 15.1 Cal. 



98. For the determination of the calorie eifeot various methods are in use. 
Only those actions are suitable for thermochemical measurements which 
complete themselves quickly. In measuring the caloric effect in the case of 
liquids or solutions, as, for example, the heat of neutralisation of acids and 
bases, the heat of solution or of dilution, etc., an ordinary calorimeter is 
generally used, such as is employed in physics for the method of mixtures, 
the same precautions being taken in order to secure accurate results. 

The heat of oombnstion of a substance is usnally measured with the 
cdUyrimetric bomb of Berthelot-Mahleb. This is the usual method with 
organic compounds. 



99. The Law of Hebb. Tlie entire caloric effect {the whole 
a7iiount of energy) produced by the transformation of one chemical 
system into afiother is independent of all intermediate steles. 

This law is a direct consequence of the principle of the con- 
servation of energy. If it were not valid, energy would have to be 
gained or lost in the transition from one system to another and the 
subsequent return to the initial condition, which is contradictory 
to the above principle. A few examples will serve to make this 
law clearer. 

(a) A dilute solution of sodium sulphate can be prepared from 
sodium hydrate, sulphuric acid and water in various ways. For 
instance, two gram-molecules of the base can be treated at once 
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with dilute sulphuric acid; or one gram-molecule of the base can 
be mixed with the acid at first and the second added afterward. 
Accordingly we get the following caloric effects: 



(1) 2NaOH + H,SO,aq - Na,SO,aq - 2H,0 = 31.4 Cal. 

NaOHaq + H,SO,aq - NaHSO^aq - H,0 = 14.76 
NaOHaq + NaHSO^q - Na,SO,aq - H,0 = 16.66 

Total 3174 Cal. 



(2)|: 



{h) From ammonia, hydrogen chloride and water a dihite solu- 
tion of ammonium chloride, NH^Cl, can be prepared, either by 
letting dry ammonia gas combine with dry hydrogen chloride gas 
and dissolving the resulting ammonium chloride in water or by 
first dissolving ammonia and hydrogen chloride in separate por- 
tions of water and then mixing the solutions. In the first case we 
have the equations: 

NH,^a. 4- HCl^aa - NH.ClaolId = 42.6 

NH.ClsoHd + aq - NH^Claq = - 4.0 

38^ Cal. 
in the second case: 

NH, + aq - NH,aq = 8.82 

HCl + aq - HClaq = 17.13 

NH^ -f HQaq - NH^Claq =12.45 

38.40 Cal. 

The final effect is thus alike in both cases within the limits of 
experimental error. 

With the help of Hess's law the determination of the caloric 
effect is rendered possible in many reactions which cannot be 
gotten at directly or are unsuitable for calorimetric measurements. 
In general this is done by making thermochemical measurements 
for a series of processes in which the reaction plays a part and 
finally calculating the caloric effect of the reaction as the single 
unknown, as will be more fully explained in the examples below. 

Suppose it were required to find the heat of formation of 
hydrogen sulphide. This compound can be formed directly from 
its elements (§ 72), but only in a way unsuitable for thermo* 
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chemical study. We will then start with the system, H, S, and 0, 
and conceive it as undergoing the following changes: (1) hydrogen 
and sulphur are burned to water and sulphur dioxide; (2) hydrogen 
and sulphur are combined and the hydrogen sulphide formed is 
burned to water and sulphur dioxide. Since we started with the 
same system and in the end reached the same result in each case^ 
the caloric effect must be the same according to Hess^s law. We 
therefore have: 

Heat of combustion of H + heat of combustion of S = 
heat of formation of H,S + heat of combustion of H,S. 
(2H + - H,0) + (S + 20 - SO,) = 

(211 + S - H,S) + (H,S + 30 - SO, - H,0). 
69.0 + 69.26 = a; +133.46; 
.-. a? = (S + 2H- H,S) = 4.8. 

It is a somewhat more complicated tasj^ to determine the heat 
of formation of hypochlorous acid, an example of a compound that 
cannot be prepared directly from its elements. It is computed in 
the following way: When a solution of this acid is mixed with 
hydriodic acid, it decomposes according to the following equation: 

HOClaq + 2HIaq = 2l + HClaq + H,0 + 60.41 Cal. 

This amount of heat evolved is the algebraic sum of the fol- 
lowing caloric effects: (1) decomposition of HOClaq* unknown; 
(2) decomposition of 2HIaq = — 26.34; (3) formation of H01«q 
= 39.4; (4) formation of water = 69.0. 

The equation thus becomes 

- a; - 26.34 + 39.4 + 69.0 = 60.41; 
and 

a; = + 31.66 Cal. 

100. In using these values of the heat of formation tod heat of 
decomposition it should be noted that they do not represent the 
amounts of heat liberated by the combination of atoms to form 
molecules, but thaf the heat of decomposition of the molecules of the 
elements (i.e. the amount of heat required to break these molecules 
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up into atoms) is always included. When, for example, chlorine 
unites with hydrogen to form hydrochloric acid, 22.0 Cal. are given 
off. That which is measured is the total caloric difference between 
the initial system H, + CI, and the 2HC1 formed from it. In the 
indirect determination of a heat of formation with the help of Hess's 
law the calculated caloric effect also includes the heat of decom- 
position of the molecules of the elements. In the determination 
of the heat of formation of hydrogen sulphide, for instance, in the 
above way the caloric effect of the combustion of this gas is com- 
posed of the following parts : 

2(2H + S - H,S) + 3(20 - 0,) = 2S0, + 2H,0 + je? Cal. ; 

that of the combustion of hydrogen of the following: 

2(2H - H,) + (20 - 0,) = 2H,0 + q Cal.; 

that of the combustion of sulphur of 

(2S - S,) + 2(20 - 0,) = 2S0, + r Cal. ; 

(20 — 0,), etc., indicating the heat of decomposition of molecules 
of the elements. 

The heat of formation of hydrogen sulphide is r + 5^ — ^. 
Deducing the value of r -\- q —p from the above equations, we 
have 

r + ^ - ;? = (2S - S,) + 2(2H - H,) - 2(2H + S - H,S), 

from which it follows that the heats of formation of the sulphur 
and hydrogen molecules are included in the heat of formation 
found. 

101. Experience has shown that ordinarily those chemical 
processes take place whose results are exothermic, while those which 
would have an endothermic effect do not take place. This furnishes 
us a useful means of often foretelling the direction of a reaction. 
The formation of water or hydrogen chloride is accompanied by the 
evolution of considerable heat; that of chlorine monoxide, C1,0, 
on the contrary, is endothermic; as a matter of fact the latter sub-^ 
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stance cannot be obtained directly from its constituent elements^ 
while this is possible with water and hydrochloric acid. Iodine 
is displaced ttora metal iodides by chlorine^ chlorides and free 
iodine being formed. The equation is 



KI + CI = KCl + I + 25.6 Oal. 



On the other band, iodine cannot liberate chlorine from potassium 
chloride, since this action would consume 25. 5 Cal. Many examples 
could be given of reactions which might proceed in various direc- 
tions, but take that one which involves an evolution of heat. 

It might therefore be supposed that the heat given off in a 
reaction could be regarded as a measure of the affinity satisfied 
by it. Berthelot has indeed accepted this view; but reasons, 
furnished by thermodynamics, prove that it cannot be correct. 
The application of the methods of thermodynamics to chemical 
problems has led to correct views concerning this and many other 
kindred matters. It cannot, however, be denied that in its 
present condition thermodynamics is still far too general for the 
great majority of cases and that scientists are just beginning to 
apply its general principles to definite reactions. One of the 
most important deductions of thermodynamics is the phase rule 
(§ 71), whose applications are already numerous. Another is 
Le Oh atelier's rule, which we shall next consider; many appli- 
cations of it will be met with in succeeding chapters. 



Le Chatelier's Bulb. 

102. When any system is in physical or chemical equilibrium , 
a change in one of its equilibrium-factors produces a change in the 
system^ which tends to oppose the former. 

This rule, or theorem, which can be called the principle of the 
resistance of the reaction to the action, furnishes us with a con- 
venient means of .foretelling in many instances the direction which 
a reaction will follow. Some examples may be given to illustrate 
the rule. 

(1) When a system of water and ice is subjected to increased 
pressure, the ice melts; that is, that process goes on which involves 
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a contraction, for by this contraction the system diminishes the 
pressure exerted on it. 

(2) Monoclinic sulphur, when compressed near the transition, 
point (the temperature of equilibrium for ordinary pressure), 
passes over into rhombic sulphur, since this process involves a 
lessening of volume, and in the end also a diminution of pressure, 
as in the previous case. 

(3) When a solution is diluted the osmotic pressure decreases 
according to Boyle's law; in the case of a solution of an electro- 
lyte dilution will be followed by farther dissociation, since this 
increases the osmotic pressure. 

(4) When a liquid is heated, more vapor is formed ; since the 
Taporization absorbs heat, this acts in opposition to the heat which 
is applied. 

103. Yan't Hoff's principle of mobile equilibrium is an appli- 
cation of this rule to a special case. It says: An equilibrium 
between two different states of matter {systems) displaces itself 

Mnder constant pressure by a Ar- of temperature to that one of the 



rise 

evoh 

absorbs 



evolves 
/wo systems whose formation -T — r- heat. A few examples will 



serve to make this clear. 

(1) Rhombic sulphur becomes monoclinic when heated above 
the transition-point, since heat is absorbed by this transition. 
Below this temperature the inverse transition takes place. (Ordi- 
nary pressure is assumed in each case.) The reaction works in 
opposition to the temperature-change produced from without. 

(2) A salt whose heat of solution is negative (saltpetre) dis- 
solves to a greater degree if the temperature rises. If its heat of 
solution is positive, a rise of temperature causes a separation from 
solution (§ 235). We shall meet with still other illustrations of 
this rule in the remaining portion of the book. 

104. There is still another deduction from thermodynamics 
worthy of notice here. Without explaining it we may say that ther- 
modynamics furnishes in a very general way a means of determining 
whether or not a reaction is possible. Nevertheless it does not require 
that the particular reaction which is possible should really 
take place. The thought then suggests itself at once that, where 
reactions which are possible do not take place, there are conditions 
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existing which were overlooked in the application of the thermo- 
dynamical laws and which prevent the reaction from occurring. 
Such conditions, of which there are indeed indications in many 
cases, may be comprehensively termed passive resistances. They 
^ay be capillary actions, perhaps, or mechanical hindrances or 
friction or something of that sort. These passive resistances may 
sometimes greatly retard the reaction-velocity, especially at low 
temperatures. We already saw an example of this in § 12 in a 
mixture of hydrogen and oxygen. Moreover Pictet has shown that 
sodium, which reacts rather vigorously with alcohol at ordinary 
temperatures, floats on it quietly at — 80** without any apparent 
reaction ; even concentrated hydrochloric acid and marble do not 
react upon each other, or at least only very slowly, when they are 
cooled to a low temperature. 

It has been found from thermodynamical laws that the varia* 
tion of the reaction-velocity with the temperature may in general 
be expressed thus: when the temperature increases arithmetically, 
the velocity increases geometrically. Experience has farther shown 
that a temperature-rise of ten degrees generally involves about a 
doubling or trebling of the reaction-velocity. 

It is not difficult to see what an exceedingly important r61e the 
passive resistances above referred to play in nature. Were it not 
for them, thS phenomena of combustion, the oxidation of metals, 
etc., could take place at ordinary temperatures; everything com- 
bustible would then burn and there could be no animal and vege-^ 
table life on the earth. 

NITROGEN. 

108. This element occurs free in the air, which contains about 
80^ nitrogen and 20^ oxygen. In combination, it is found in the 
salts of nitric acid, e.g. saltpetre, and also in the albuminoids, 
which form an important constituent of animal and vegetable 
organisms. 

Nitrogen can be easily isolated from the air by removing the 
oxygen. This is accomplished in various ways. Phosphorus, 
when burned in the air, absorbs the oxygen to form phosphorus 
pentoxide, and the residual gas, aside from slight admixtures 



Digitized by VjOOQ IC 



NITROQBN. 159 

(g 110)^ is nitrogen. Again, air can be passed oyer heated copper 
in a finely divided condition, whereupon copper oxide is formed 
and nitrogen left. 

In this process the oxygen of the air soon converts all the copper into 
copper oxide, so that of course only a limited amount of nitrogen can thus 
be obtained with the aid of a definite amount of copper. However, if the 
air is first passed through ammonia water, the process can be carried on 
eoDtinuously, since the hydrogen of the ammonia, NHi , constantly re- 
duces the oxidized copper. 

Copper can also absorb the oxygen of the air at ordinary tem- 
peratures, if it is treated with a solution of ammonia and am- 
monium carbonate. Moist phosphorus combines with oxygen even 
at ordinary temperatures, so that a volume of air which remains 
in contact with pieces of phosphorus for some minutes loses its 
oxygen. An alkaline solution of pyrogallol also has the ability to 
absorb oxygen at ordinary temperatures. These reactions are 
made use of in gas-analysis. 

Pure nitrogen is obtained by the direct decomposition of 
certain of its compounds, especially by heating ammonium nitrite. 

NII^NO, = N, + 2H,0. 

This is usually accomplished by boiling a solution of equal parts by 
weight of potassium nitrite, KNO* , sal ammoniac, NH4OI, and potassium 
bichromate, E,CrsOT , in 8 parts of water. The NH4CI and ENO9 react to 
form ECl and NH«NO<. 

By heating ammonium chromate, (NHJ^CrO^ (a mixture of 
ammonium chloride and potassium bichromate is more convenient), 
nitrogen is also set free : 

K,Cr,0, -f 2NH,a = N, -f Cr,0, -f 2KC1 -f 4H,0. 

An example of the formation of nitrogen by the indirect 
decomposition of its compounds is the reduction of nitrogen oxides 
by hot copper: 

2N0 -f 2Cu = N, -f 2CuO. 

Physical Properties. — Nitrogen is a colorless and tasteless gas. 
Its specific gravity based on air is 0.97809; its density compared 
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with hydrogen is therefore 13.998. 1 1. N weighs 1.25749 g. at 
0"* and 760 mm. It is one of the most difficult gases to condense, 
its critical temperature being — 146°. Its boiling-point is — 194"*. 
At — 214° it becomes solid. It is only slightly soluble in water, 
even less so than oxygen. 

Chemical Properties. — Nitrogen is chemically very indifferent; 
it unites with no element at ordinary temperatures and at higher 
temperatures with only a few. Boron, silicon, titanium, barium, 
strontium, calcium, magnesium, chromium and also certain rare 
elements combine directly with nitrogen at red heat, forming 
nitrides. Magnesium nitride has the formula Mg,N,. Nitrogen 
unites with oxygen under the influence of induction sparks directly 
(reddish brown NO, being formed) ; with hydrogen it combines in 
a similar way. When a mixture of hydrogen and nitrogen, 
together with a few drops of concentrated hydrochloric acid, is 
introduced into a tube over mercury and induction sparks sent 
through, clouds of ammonium chloride, NH^Cl, are produced, the 
nitrogen and hydrogen having united to form ammonia, NH,. 
These last two reactions and the fact that nitrogen is not able to 
support combustion serve for the identification of nitrogen gas. 

The molecule of nitrogen consists of two atoms, as has been 
demonstrated in the same way as for oxygen and other gaseous 
elements. 

THE ATMOSPHERE. 

106. The air was regarded as an element up to the end of the 
eighteenth century. It finally developed from the investigations 
of rKiKSTLEY and Lavoisier that it is not a simple body. The 
correct explanation of the phenomena of combustion led to this 
conclusion. 

Before Lavoisier^s time the explanation of the phenomena of combus- 
tion was just the reverse of the present one. It was then thought that all 
combustible or oxidizable substances had a common constituent, phlogiiton. 
According to this theory, which was presented by Stahl (1660-1734), the 
combustion of a body is due to the escape of phlogiston. If this occurs in 
a violent manner we have the phenomenon of fire. The more inflammable a 
substance is, the more phlogiston it was supposed to contain. Sulphur, 
phosphorus, carbon and hydrogen therefore ranked as being very rich m 
phlogiston. As to the real nature of this phlogiston opinions were decid- 
edly different. At various times experiments were performed with the 
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hoi>e of isolatiDg the substance. For a while it was thonght with Cavsn- 
DiSH that hydrogen was pure phlogiston. 

The prevailing ideas were as follows : Substances that possess much 
phlogiston can transfer it to those which have none or very little. The 
metals, for example, are substances that contain a certain amount of 
phlogiston, which they give off on being heated in the air ; by this process 
they are changed to calxes (now called oxides), which contain no phlogis- 
ton. When one of these calxes is heated with carbon or hydrogen, it ab- 
sorbs phlogiston from them and is changed back again to the metal. The 
fact that sulphur, phosphorus or any other inflammable substance soon 
ceases to bum when it is enclosed in an air-tight space was explained by 
the supposition that the air has then become so saturated with phlogiston 
that the latter can no longer escape from the burning body. 

We see from the above that this theory led men to view many phenomena 
from a common standpoint and undoubtedly contributed in no small deg^e 
to the advancement of chemistry. 60 long as the phenomena of burning were 
regarded in that light, there was no occasion to doubt the elemental na- 
ture of air. They believed that bodies lose something when they are burned, 
while we now know that on the contrary something is taken up from the air. 
The great mistake of the phlogiston theory was, that it did not regard the 
increase in weight of the burned body; as soon as Lavoisier and others 
drew attention to this most important fact, the phlogiston theory could no 
longer be upheld. 

On the first of August, 1774, Priestley had discovered oxygen, which 
he himself regarded as air devoid of phlogiston (*^ dephlogisticated air '^);* 
Lavoisier, however, recognized this substance as the essential principle of 
all burning and oxidization. It now required only a step to reach the con- 
ception that air is not an element, but contains another gas in addition to 
oxygen, and that this gas does not support combustion. The experiment 
by which Lavoisier demonstrated this has been already described (§ 9). 
By measuring the amount of nitrogen which remained after the absorption 
of the oxygen by hot mercury he was able to determine fairly accurately 
the composition of air. 

Constituents of the Atmosphere. — Besides oxygen and nitrogen 
air contains argon and the other elements described in § 110^ 
hydrogen (0.025^), and also variable amounts of water VP.por, carbon 
dioxide (very nearly O.Oij^ on the average), ammonia, ozone and 
perhaps hydrogen peroxide (the last three in extremely small 

> From the letters and laboratory notes of Scheelb, published by Baron 
NordenskiOld (Stockholm, 1892), it is evident that oxygen was known to 
SCBEBLE sooner than to Priestley; he called it •* Feuerluft.** However, this 
discovery did not seem to lead him any nearer than Priestley to a correct 
understanding of the phenomena of burning. 



Digitized by VjOOQ IC 



162 



INOROANIC CHEMISTRY. 



quantities). Incidentally sulphur dioxide and other gases are 
found in the air (e.g. in the vicinity of volcanoes). The lower 
strata of air always contain floating dust-particles, microbes, etc. 

107. Analysis of Air, — The proportional amounts of oxygen and 
nitrogen in carefully dried air, free from carbon dioxide, etc., has 
been repeatedly determined with all due precaution. According 
to the method of Dumas and Boussingault this can be done as 
follows : 

The tube, db (Fig. 42), containing copper turnings is connected 
with the globe, V, all air having been removed from both. The end 
of the tube marked h is attached to the various pieces of apparatus. 




Fig. 42.— Analysis op Air. 

(7, B and A, which are to remove the carbon dioxide and water 
vapor from the inflowing air. The globe, F, is first carefully 
weighed without air. Thereupon the tube is heated by means of a 
furnace and a slow current of air is allowed to pass through it to 
the globe by partially opening the stop-cocks u and r, the oxygen 
being meanwhile absorbed by the hot copper. By subsequently 
weighing the globe the amount of nitrogen which it contains can 
be determined and by weighing the tube before and after we can 
find the amount of oxygen. In this way the ratio of oxygen to 
nitrogen in air can be ascertained. 

Another method is the eudiometric method, A known volume 
of air is mixed with a sufficient known volume of pure (electro- 
lytic) hydrogen. On allowing an electric spark to pass through, 
the hydrogen and oxygen unite to form water, which is deposited 



Digitized by 



Google 



THE ATMOSPHERE. 163 

on the sides of the vessel. Inasmuch as 2 vols, hydrogen combine 
with 1 vol. oxygen, one-third of the volume that disappeared 
must have been oxygen. 

108. These and other methods of investigation have shown that 
the composition of the air is nearly constant. In all parts of the 
earth, as well as at the highest altitudes which balloons have 
reached, it consists of 

20.81j< oxygen and 79.19j< nitrogen by volume; and 
23.01^ " " 76.99^ " " weight. 

The observed variations from this ratio amount to hardly 
± 0.1^. Moreover, the composition does not appear to change 
with time; our present analyses agree with those of Dumas and 
BoussiNGAULT made in 1841. 

This result seems surprising at first thought, because oxygen 
and nitrogen are constantly being removed from the air and again 
returned to it and it does not necessarily follow, indeed it is rather 
an improbability, that the losses and gains will exactly balance. 

The oxygen passes through the following cycle: Free oxygen 
is consumed in all sorts of oxidations, particularly in the respira- 
tion of animals and plants and in the burning of fuels, carbon 
dioxide being formed. This carbon dioxide is employed by the 
plants in their process of assimilation, whereby the oxygen in it 
is again given back to the air. It will therefore depend on the 
extensiveness of this process as to whether just as much oxygen gets 
back into the air as was previously taken up in the formation of 
carbon dioxide. The oxygen which serves for other oxidations 
does not necessarily return to the air. 

Nitrogen passes through a cycle too. Most of the nitrogen 
that occurs in the form of organic compounds in animal and 
vegetable tissues remains in the combined state after the death of 
the organism, either as ammonia or as nitric acid or in other nitrog- 
enous products. During the process of decay the combined 
nitrogen is partially liberated; in the burning of plant and animal 
remains all of it is set free. On the other hand, certain plants, the 
LeguminoscB, are able by symbiosis with' bacteria to absorb free 
nitrogen from the air directly; moreover, in storms some nitrogen 
combines with oxygen, and again, silent electric discharges, such 
as must frequently pass between earth and clouds, cause the 
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nitrogen to enter into combination. Here the question again 
arises whether as much comes back to the air as goes out. 

From what has been said it is sufficiently clear that it would 
be a mere coincidence if exactly as much oxygen should happen 
to be withdrawn as is given back. Approximate compensation 
probably takes place, but, even if it should not, the atmosphere is 
so vast that its composition would be only slightly affected in the 
course of centuries. 

The following calculation will convince one of the soundness of this 
argument : The normal atmospheric pressure is 760 mm. mercury; this is 
due to the weight of the air and the moisture in it. Granted that the 
pressure of the latter averages 10 mm., we have 750 mm. left for the pres- 
sure of the air itself; i.e. the weight of the air is equal to that of a layer of 
mercury 750 mm. thick extending over the entire surface of the earth. 
This weight can be calculated thus : The volume of the space between two 
concentric spheres is 49r i2*r, if 12 is the radius of the inner sphere, and r 
the thickness of that space. The radius of the earth (R) is, on the average, 
6,370,284 m.; r is 0.75 m.; therefore, taking into consideration the spe- 
cific gravity of mercury (18.59), we have for the desired weight of mercury 
or air 6.2 x 10^' kg. or 5.2 trillion * kilograms. Since 1 m.' air at 0** and 
760 mm. pressure weighs 1.2932 kg., the above weight corresponds to a 
volume of air of 4 x 10" m.* (at O" and 760 mm.) or f x 10" = 8 x 10" m.» 
of oxygen. In comparison with this the amount of oxygen which is with- 
drawn from the air in breathing, burning, etc., is very small. An adult 
human being consumes about 600 liters of oxygen every twenty-four hours, 
or 219,000 liters (219 m.') a year. The population of the earth is not quite 
1500 x 10'; all these people therefore require 328.6 x 10* m.' of oxygen 
in a year. Assuming farther, which is a very high estimation, that the 
total consumption of oxygen is ten times the amount required for human 
respiration, the atmosphere would be deprived each year of 328.5 x 10" m.', 
i.e. the 416 x lO-'th part of the whole amount. The relative insignificance 
of this amount is better understood when we i*eflect that 0.1^ of all the 
oxygen on hand would be 8 x 10" m.'. According to the above calcula- 
tion of the annual need there would be enough oxygen to supply the 
demand for 244 years without allowing for any compensation. Since, 
however, the assimilative process of the plants yields a considerable 
amount in addition, the variations in the proportion of oxygen in the air 
must obviously be imperceptible with our present analytical methods. 

The air is a mixture. It cannot be a compound of 
nitrogen and oxygen for the following reasons: (1) the ratio of 
nitrogen to oxygen is different than it would be for a compound of 

* •• Quintillion " in the U. S.— Tr. 
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the two elements, for in the latter case it would have to correspond 
to the ratio of the atomic weights or a multiple of the same ; (2) 
by mixing nitrogen and oxygen in the ratio in which they exist in 
air a synthetical air is obtained which is in every respect like that 
around us. (This excludes the possibility of air containing a per- 
ceptible amount of a compound of the two elements in addition to 
free nitrogen and free oxygen.) (3) The ratio of the solubilities 
of the oxygen and the nitrogen of the air in liquids is not the same 
as that of their occurrence in air; (4) when liquid air boils the 
first part of the distillate is chiefly nitrogen. 

109. The liqn«fMtion of air is now carried on in commerce. The 
methods used by Linde and by Hampson are based on the same principle, 
namely, cooling the air by dilatation. Further details may be found in 
text- books on physics. 

Liquid air is very mobile and has a bluish tint. It is usually some- 
what cloudy because of suspended particles of ice (congealed atmospheric 
moisture) and solid carbon dioxide. These may be removed by filtration 
through filter-paper. It boils at about — 190". It is now extensively used 
in producing^ and demonstrating the effects of, very low temperatures. 
When carbon dioxide, for example, is led into a flask containing liquid 
air, it falls in the solid form like snow-flakes. In spite of its low tempera- 
ture it can be poured upon the hand without danger; it does not even feel 
cold (on account of the Leydenfrost phenomenon). Liquid air is much 
richer in oxygen than the gaseous air of the atmosphere, containing about 
50^. If a glowing splinter is dipped into the liquid, the wood begins to 
bum very vigorously, producing a violent reaction. It can be preserved 
for a rather long time in vacuum-flasks. Becently liquid air is reported as 
finding use as an explosive, especially in blasting ; unfortunately, however, 
the cartridges have to be fired within a few minutes after charging. 

ABOOH, HELIUM AKD COMPAHIOK ELSMEKT8. 

110. Argon. Despite the fact that air had been already analyzed 
times without number, it was first discovered in the course of investiga- 
tions by Batleigh and Ramsat in 1894 that there are other elements in 
the air than nitrogen and oxygen. One of these, named argon by its 
discoverers, is even found to the extent of OM (vol.) or 1,2% (by weight). 
It was on account of its extraordinary resemblance to nitrogen that it was 
so long overlooked. The first indication of its presence was the observa- 
tion that the specific gravity of nitrogen isolated from the air is somewhat 
higher than that prepared from ammonium nitrite and other compounds. 
1 liter of nitrogen from air weighed 1.2572 g., while the same amount 
from chemical compounds weighed 1.2521g. There must therefore be 
another gas heavier than nitrogen, mixed in with the nitrogen of the air. 
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Two methods were employed by the investigators above named to 
isolate this gas. The first one was to pass the air first over hot copper in 
order to remove the oxygen, and then over red-hot magnesium, which 
absorbs the nitrogen (§ 107). There still remained a small quantity of gas 
which was not nitrogen. The other method was to submit a mixture of 
air and oxygen over caustic potash to the action of induction sparks for a 
long time. The oxygen thus combines with the nitrogen, forming com- 
pounds which are absorbed by the potash. At the end the excess of 
oxygen is removed by some absorbing-agent (§ 105). In this case also 
there is a remainder of gas. Still other methods have been devised for 
obtaining argon from the air. One of the simplest is to heat air with a 
mixture of 1 g. magnesium, 0.25 g. sodium and 5 gr. freshly ignited lime. 
On account of the high temperature free calcium is formed 

Mg + CaO = MgO + Ca, 

and it is in such a finely divided condition that it absorbs oxygen greedily 
and also nitrogen, so that only argon is left. 

After argon had been once discovered it was also found elsewhere than 
in the atmosphere ; some mineral waters contain it in solution, certain 
rare minerals yield it when heated, etc. 

Argon is a colorless odorless gas, having a specific gravity of 19.957. 
Its molecular weight is therefore 40. It has been found (page 167) that 
the molecule consists of only one atom and that the atomic weight is there- 
fore 40 (O = 16) too. It has been condensed to a colorless liquid, that boils 
at — 186.9°, by cooling with boiling oxygen and compressing it to about 
50.6 atmospheres ; it solidifies at — 189. 6"*. It is somewhat more soluble in 
water than is nitrogen (0.05780 parts in 1 vol. at 0° and 760 mm. pres- 
sure). As to its chemical nature, it is interesting that as yet no compounds 
of argon have been able to be prepared. 

It is certain that what is now called argon is neither a mixture nor a 
compound, but an element. The boiling-point and the melting-point are 
constant, and the vapor-pressure of argon likewise remains constant 
during the liquefaction, so long as any gas is present. Moreover, when a 
certain volume of argon is three-fourths dissolved in water, the undis- 
solved gas shows exactly the same spectrum as the dissolved. All of the 
above are characteristics of a homogeneous substance. The extraordinary 
stability of the gas in the presence of all sorts of reagents is a strong argu- 
ment against its being a compound. 

After the discovery of argon, Ramsat detected four other rare gases 
in the atmosphere, though their quantity is very small. These are Tidium, 
neon, krypton^ and xenon. Helium obtained its name because its 
existence on the sun (§ 267) had already been pointed out before it was dis* 
covered on the earth. In 1895 Ramsay succeeded, however, in obtaining it 
in small amounts on heating the rare mineral develte. Afterward it was 
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also met with as a oompanion of argon ia certain other, chiefly uraniferous, 
minerals as well as in mineral springs. When air is liquefied, a part of it 
always escapes condensation; this part consists chiefly of nitrogen, but con- 
tains also helium and neon. Nitrogen can be removed from this mixture 
by the methods already described above (p. 160). When the resulting mix- 
ture of helium and neon is then cooled with boiling hydrogen, neon alone 
is condensed. 

At ordinary temperatures helium is a colorless gas. It has been lique- 
fied; its boiling-point is very low, somewhere near that of hydrogen. It is 
less soluble in water than argon. As to its elemental nature, there is no 
occasion for doubt ; it could not be separated into two parts by diffusion. 
So far no compounds of helium are known. ^ 

While helium and neon were found in the most volatile part of the air, 
krypton and xenon were obtained, on the contrary, from the residue, 
after a large quantity of liquid air had been allowed to evaporate slowly. 
Their separation was rendered possible by the fact that krypton still has a 
rather large Vapor-tension at the temperature of liquid air, while the vapor- 
tension of xenon is then imperceptible. 

Both these elements occur only in extremely small amounts in the at- 
mosphere. The proportion is about as great as that of gold in sea- water. 
Ramsat found 4 c.c. xenon in 600,000 1. air. 

In the following table some of the constants of these elements are 
given. 



Density (O = 16) . . . . 

Atomic weight 

Boiling-point at 760 



Helium. 



1.98 
4 



Neon. 



».»7 
20 



Argon. 



19.96 
40 

86.9* abs. 



Krypton. Xenon, 



40.88 
81.7 

121.88*abs. 



64 
128 

168.9* abs. 



These gases have two other properties in common which are worthy 
of mention here. In the first place, they display characteristic spectral 
lines in Pltlcker tubes (§ 268) whereby it has been possible to recognize them 
and to judge of their purity. 

In the second place, they possess the property already alluded to in the 
case of argon, whereby their molecule consists of only one atom. This fact 
could not be discovered in the ordinary way, described in §§ 83 and 84, be- 
cause none of these elements are able to form compounds with others; 
their valence can be said to be zero. It has, however, been possible to as- 
certain it from the molecular heat of the gases. This is the amount of heat 
that must be imparted to a gram-molecule of a gas in order to raise its 
tem^rature one degree. For gases with two atoms in their molecule 
the molecular heat is about 5 Oal.; with 8 atoms about 7.5 Oal.; but for 
mercury, whose molecule has only one atom (as can be proved according 
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to §§ 33 and 34) it is only 2.5. Now, since the density of argon is found to be 
nearly 20 (H = 1), its molecalar weight is 40. For this weight the molecu- 
lar heat was found to be about 2.5, which proves that argon has only one 
atom in its molecule, and that the latter therefore weighs 40. In the same 
way similar results have been obtained for the other rare gases of the 
atmosphere. 

CompoundB of Nitrogen and Hydrogen. 

111. Until recent years only one compound of hydrogen and 
nitrogen has been known, viz., ammonia, NH,. At present, how- 
ever, we know of five: the others being hydrazine, N,H^ , 
hydrazoic acid, NjH, and the compounds of the latter with 
ammonia and with hydrazine (NH,-NgH and N,H^-N,H). Of 
these five compounds, however, ammonia is by far the most im- 
portant. 

AMMOiriA. 

The material now used for obtaining ammonia is the " ammonia 
liquor " of the gas-factories. The gases that are given off in the 
dry distillation of coal are passed through water, which dissolves 
the ammonia. 

In order to obtain a pure ammonia, the ammonia liquor is heated with 
milk of lime and the expelled ammonia is led into concentrated sulphuric 
acid. In this way crystallized ammonium sulphate is obtained, tt is 
purified by recrystallization and again distilled with lime to recover the 
free ammonia. 

Ammonia can be prepared synthetically by the following 
methods, which are as yet, however, without any industrial impor- 
tance. The direct synthesis from the elements was given above 
(§ 107). There are also examples of its formation by the direct 
decomposition of its compounds. Thus we obtain it by heating 
the ammonia compounds of certain salts, as a;CaCl,-yNH, and 
a;AgCl-yNH,. A number of organic compounds yield nitrogen in 
the form of ammonia on heading. Moreover, ammonia results from 
the action of hydrogen on certain nitrogen compounds, as, for 
example, when nitric acid, HNO, , comes in contact with nascent 
hydrogen (generated from zinc or iron-filings and dilute sulphuric 
acid), or when a mixture of nitric oxide, NO, with hydrogen i& 
passed over platinum black : 

2N0 -f- 5H, = 2NH, + 2H,0. 
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The formation of ammonia by the action of free nitrogen on 
hydrogen compounds has not been brought about, but the gas can 
be produced by the interaction of a hydrogen compound with a 
nitrogen compound. An illustration of this is the decomposition 
of magnesium nitride (§ 107) by water: 

Mg,N, + 3H,0 = 2NH, + 3MgO. 

The putrefaction of organic matter (faeces, urine, etc.) evolves 
ammonia. By the action of electric sparks on moist air ammonium 
nitrate is produced. These last two methods of formation are 
responsible for the slight traces of ammonia in the air. 

Physical Properties, — Ammonia at ordinary temperatures is a 
gas with a characteristic odor, that excites one to tears. Ita 
specific gravity is 8.5 (H = 1) or 0.589 (air = 1); 1 1. NH, at 0^ 
and 760 mm. pressure weighs 0.76193 g. It can be easily liquefied; 
it boils at — 33.7° and becomes solid at — 75°; it then forms 




Fig. 48.— Diagram op an Ice-machine. 
white translucent crystals. It is extremely soluble in water; at 0°* 
and normal pressure 1 vol. H^O dissolves 1148 vols., or 0.875 parts 
by weight, of Nil,. The specific gravity of the (solution of 
ammonia in water grows smaller as the concentration increases. 

The evaporation of liquid ammonia involves a considerable depression of 
temperature. This is the principle of most of the ice-machines now in use. 
They consist mainly of two serpentines if and F(Fig. 43) ; the first is plunged 
in a vessel through which cold water flows ; the second contains a concen- 
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trated salt solution. P is a pump, which draws ammonia gas through Q 
by means of the valves 8x8% and which compresses the gas through G^ by 
means of the valves Di and Da. The gas thus liquefied in iT is allowed to 
enter V tbrougli the cock R. There it evaporates quickly and so cools 
the salt solution below O"". If a vessel of water be plunged into the salt 
solution the water will be frozen in a short time. The machine thus works 
contiguously. 

Chemical Properties, — The characteristic property of this com- 
pound is that it combines with acids directly to form salts : 

NH, + HCl = NH^Cl. NH, + HNO, = NH^NO, 

Ammonium Ammonium 

chloride. nitrate. 

2NH, + H,SO. = (NH.),SO,. 

Ammonium 
sulphate. 

In these salts (which are almost all readily soluble in water) the 
atomic group NH^ plays the part of a metal; they correspond in 
every respect to the compounds KCl, KNOg, K,SO^, etc. The 
group, or radical, NH^ has been given a particular name ; it is 
called ammonium. More than one attempt has been made to 
isolate this ammonium, but always in vain. However, when 
sodium amalgam comes in contact with a concentrated ammonium 
chloride solution, the mercury swells to a soft spongy mass that 
rapidly decomposes at ordinary temperatures into ammonia and 
hydrogen and is in all probability therefore ammonium amalgam. 

The aqueous solution of ammonia reacts strongly basic; so do 
the moist fumes of ammonia. We must therefore assume that this 
solution contains a compound NH^OH, ammonium hydroxide, and 
hence also the ions NH^ and OH in analogy with other soluble 
hases, e.g. potassium hydroxide, KOH. This supposition is also 
confirmed by the fact that this solution conducts electricity, 
although not nearly so well as a potassium hydroxide or sodium 
hydroxide solution of the same value (§ 234). The isolation of 
ammonium hydroxide has, however, not yet been accomplished; 
on evaporating its solution it breaks up into NH, and H,0. 
Ammonia can be completely expelled from aqueous solutions by 
boiling. 

Ammonia does not bum in the air but does in oxygen ; in addi- 
tion to water and nitrogen traces of ammonium nitrite, NH^NO,, 
and nitrogen dioxide, NO,,, are also formed. A mixture of 
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ammonia and oxygen explodes violently when it is ignited. The 
oxygen conveyed by soil-bacteria may also cause the oxidation of 
ammonia, producing nitric acid. Chlorine takes fire when passed 
into ammonia, forming nitrogen, N,, and hydrochloric acid; the 
latter then unites with the remaining ammonia to form sal ai^- 
moniac, NH^Cl. The hydrogen of ammonia is replaceable by 
metals. Magnesium, e.g. burns in ammonia, forming magnesium 
nitride, MgjN,. When ammonia is conducted over hot potassium 
or sodium, potassium amide, NH,K, or sodium amide, NH,Na, is 
formed. These and analogous metal compounds are decomposed 
by water, yielding ammonia again and also metal oxide or 
hydroxide. At high temperatures (produced by induction sparks) 
ammonia splits up almost completely into its elements, the volume 
being doubled: 

2NH, = N, + 3H,. 

2 vols. 1 vol. S vols. 

118. On the other hand, nitrogen and hydrogen can unite to form 
ammonia under the influence of induction sparks (§ 107). Equilibrium is 
reached when 2% of ammonia is formed. This the reason why ammonia 
cannot be split up by electric sparks to more than 98^ : 

2NH, ;i! N, + 8Hs. 

Nevertheless Na + 3H« can be completely converted into NH» by induc- 
tion sparks when these gases are in contact with an acid ; in this way am- 
monia is constantly withdrawn from the gaseous system N« + 3Hi ^ 2NHs; 

the remaining gas mixture will therefore form new NH, in order to restore 
the equilibrium, and so on, until all the nitrogen and hydrogen have com- 
bined. 

113. Composition of Ammonia. — If an aqueous ammonia-solu- 
tion (to which has been added a little sodium chloride to aid con- 
duction) is subjected to electrolysis, nitrogen and hydrogen are 
generated in the volume-ratio of 1 : 3; from this it follows that 
the molecule must contain 3 H-atoms to every 1 K-atom, i.e. the 
empirical formula is NH,. Since the specific gravity of ammonia 
gas is 8.5 (0 = 16), the molecular weight is 17, which corresponds 
to the above formula. 
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hyd]5(azike, diamide, ha. 

114. This compound can be obtained by the action of sulphurous acid 
on potassium nitrite, which yields a compound KtSOgNiOt, nitrosylpotas* 
sium sulphite. When the latter is reduced in aqueous solution by sodium 
amalgam, hydrazine is formed : 

K,SO.N,0, + 3H, = N,H4 + K,S04 + H,0. 

It is far easier to prepare hydrazine from some organic substances^ 
but these methods fall outside of the scope of this book. 

By fractional distillation of the aqueous solution the hydrate 
N,H4* HaO is obtained, which boils constant at 118.5'; it is a liquid at 
ordinj^ry temperatures and freezes below — 40\ 

IjOBRY de Bruyn showed that the molecule of water can be removed by * 
treatment with barium oxide and the free hydrazine obtained in the pure- 
state by distillation under reduced pressure. This substance is liquid at 
ordinary temperatures, congeals at 1.4* and boils under ordinary pressure 
at 118.5*. Sp. g. = 1.014 at 15*. It unites with water to form the above 
hydrate with the evolution of heat. Both the free hydrazine and ita 
aqueous solution have a strong reducing action. The former gradually 
oxidizes in the air, reacts vigorously with the halogens, etc. The aqueous 
solution precipitates the metals from solutions of salts of copper, mercury, 
silver, etc., at ordinary temperatures. 

Hydrazine, like ammonia, unites with acids directly to form salts ; it 
can take up either one or two molecules of a monobasic acid, NaH« • HCl 
and N1H4.2HCI being both known. The hydrate is probably therefore 
the hydrazonium hydroxide^ NH« • NH»OH ; the aqueous solution i& 
strongly basic. The salts of hydrazine are easily soluble in water, except- 
ing the sulphate, NaHf • H1SO4, which is rather difficultly so. 

HTDBAZOIG ACID, NtH. 

116. This interesting compound, like the preceding one, was first dis- 
covered by CuRTius as a product of organic compounds. It can be pre- 
pared by a purely inorganic method, viz. by passing nitrous oxide over 
sodium amide, NaNHi , at a high temperature (§111), 

2NaNH, + N,0 = NaN. -f NaOH -f NH., 

or by treating hydrazine sulphate (§ 114) with nitrous acid : 

3NaH4 . H,S04 + 6KN0, + 3H,S04 

= 2N.H + 8H,0 + 6KHSO4 + 20 + 2N -f 2N,0. 

An aqueous solution of the fsee acid is best obtained by distilling lead 
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liydrazoate Pb(Ns)s , with dilate sulphuric acid. By fractional distillatioii 
of this solution, the pure acid can be obtained.'^ 

Pure hydrazoic acid is a liquid with a penetrating unbearable odor; it 
boils at S?"* and is extremely ezplosiyci even in aqueous solution. 

It is a strange fact that hydrazoic acid displays more or less analogy 
with the hydrogen acids of the halogens ; it forms, like them, difficultly 
soluble salts of silver, mercury (ous) and lead. These are, however, soluble 
in strong mineral acids. They are also very explosive, hence extremely 
dangerous, the sodium salt being the least so. An aqueous \% solution of the 
Acid is only 0.008 ionized ; it is thus a rather weak acid ; it gives off 
hydrogen in contact with many metals, e.g. Zu, Fe, Cd and Mg. It is es- 
pecially characteristic of the metal-azides that they all crystallize anhydrous 
And always yield the pure metal when heated. 

Compounds of Nitrogen with the Halogens. 

lie. When chlorine gas is allowed to act on a concentrated 
solution of ammonium chloride, most conveniently by inverting a 
flask full of chlorine over the warm (30°-40°) solution, oily drops 
are formed, which are best collected in a leaden saucer placed 
under the mouth of the flask. These drops contain some hydrogen 
as well as nitrogen and chlorine. By treating with chlorine once 
more pure nitrogen trichloride, XCl, , is obtained as a yellowish 
oil with a disagreeable pungent odor and a speciflc gravity of 1.65. 
This is one of the most dangerous of substances, because it 
explodes in a most violent manner, not only on contact with certain 
organic substances (e.g. turpentine), but very often spontaneously. 
It dissolves in carbon bisulphide, benzene and other solvents, form- 
ing yellow solutions. These solutions are relatively harmless; they 
decompose in the sunlight. 

Concentrated hydrochloric acid decomposes nitrogen trichloride 
according to the equation : 

NCI, + 4HC1 = NH.Cl + 3C1,; 
aqueous ammonia also breaks it up in a similar way : 

NCI, + 4NH, = 3NH,C1 + N,. 
Nitrogen trichloride is strongly endothermic : 

N + 3C1 - NCI, = - 41.9 Cal. 
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117. Nitrogen Iodide. — Various compounds are known which 
consist of nitrogen, iodine and hydrogen ; the one or the other is 
obtained according to the manner of treating iodine with ammonia. 
If a solution of iodine in potassium iodide is mixed with ammonia 
solution, a precipitate is usually obtained of the composition NI,H; 
if the conditions are slightly altered another compound, N,I,Hj 
(i.e. NH, + NI,), is deposited, which breaks up on continued treat- 
ment with water into ammonia and NI,. These compounds are 
likewise very explosive. 

Another method is to digest pulverized iodine with ammonia 
water. The product so obtained is still more explosive, often 
exploding even when damp or when it is being washed with water 
or by the action of hydrochloric acid. In the presence of ammonia 
solution it is stable. 

When liquid ammonia is treated with iodine between — 80° and 
— 30°, compounds of ammonium tri-iodide with several molecules 
of ammonia are obtained ; they gradually part with a small amount 
of ammonia. 

Nitrogen iodide is decomposed by dilute hydrochloric acid, 
forming ammonia and chlorine iodide : 

NH,I + HCl = NH, + ICl. 
Nitrogen iodide is also decidedly endothermic. 

Hydroxylamine, NH^OH. 

118. Hydroxylamine is a reduction product of many oxygen 
compounds of nitrogen intermediate to the formation of ammonia; 
e.g. it is formed when tin acts on dilute nitric acid. Here the 
nascent hydrogen effects the reduction : 

HNO, + 3H, = NH,0 + 2H,0. 

LoBRT DB Brutn Succeeded in preparing hydroxylamine in the pure 
anhydrous condition. He added sodium methylate to a solution of the 
hydrochloride in absolute (i.e. anhydrous) methyl alcohol, by which a solu- 
tion of free hydroxylamine in the latter is obtained. This solution is freed 
from the precipitated sodium chloride by filtration and then the alcohol is 
removed by distillation, at first under ordinary pressure ; the free base 
NH3OH is then obtained pure by fractionating under diminished pressure. 
It is a crystalline solid, melting at 80** and boiling at 70° under 60 mm« 
pressure. When heated in the air, it explodes with a yellow fiame. 
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Hydroxylamine is easily soluble in water; its solution reacts 
strongly alkaline. It forms salts in the same way as ammonia, i.e. 
by direct addition of the acid: NH,0H.HC1, NH,OH.HNO,, etc. 
These salts are rather stable; the hydrochloride must be preserved 
over lime, else it slowly decomposes. The salt is namely split up 
to a very small degree into hydrochloric acid and hydroxylamine. 
Now free hydrochloric acid accelerates catalytically the decomposi- 
tion of the salt. When, however, the hydrochloric acid is absorbed 
by the lime, the decomposition becomes so slow that it is imper- 
ceptible. The free hydroxylamine and its aqueous solution are 
somewhat unstable, especially in the presence of akalies; it decom- 
poses easily into ammonia, water and nitrogen. 

A farther characteristic of hydroxylamine is its great reducing 
power; it precipitates reddish-yellow cuprous oxide from an alkaline 
copper solution at ordinary temperatures, even when strongly 
diluted; mercuric chloride, HgCl,, is reduced to calomel, HgCl; 
silver nitrate to silver, etc. 

The following reaction is also peculiar : A solution of ferrous sulphate 
is precipitated with an excess of sodium hydrate and warmed ; if hydrox* 
ylamine (or one of its salts) is now added to the green ferrous hydrate, 
red ferric hydrate is formed very quickly, the hydroxylamine being re- 
duced in this alkaline solution to ammonia. On acidifying, an acidic solu- 
tion of a ferric salt is obtained ; if this is treated with a hydroxylamine 
salt, it is suddenly decolorized because of reduction to ferrous salt, the 
hydroxylamine being now in the oxidized condition in the acid solution. 

Compounds of Nitrogen with Oxygen. 

Those included under this title are: nitrous oxide, N,0; nitric 
oxide, NO; nitrogen trioxide, or nitrous anhydride, N^O,; nitrogen 
dioxide, NO, , or tetroxide, N,0^ , and nitrogen pentoxide, or nitric 
anhydride, N^Oj. 

NITBOUS OXIDE, N,0. 

119. This compound cannot be obtained directly from its ele- 
ments; the ordinary method of preparation consists in heating 
ammonium nitrate to about 250° : 

NII.NO, = N,0 + 211,0. 

This method is analogous to that of preparing nitrogen from 
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ammonium nitrite (§ 105). If the nitrate is heated above 250% 
the gaseous product partially decomposes. 

Physical Properties, — Nitrous oxide is a colorless and odorless 
gas, which when liquefied boils at — 87° and solidifies at — 102°. 
The evaporation of the liquid produces a great depression of tem- 
perature that may even reach — 140° under reduced pressure. Its 
specific gravity is 1.52 (based on air), or 21.89 for H = 1. 
1 1. NjO at 0° and 760 mm. pressure weighs 1.9667 g. It is rather 
Boluble in water (1 vol. H,0 dissolves 1.305 vol. N^Oat 0°); hence 
it must be collected over hot water. In alcohol it is still more 
soluble. 

C%ernical Properties. — Nitrous oxide can support combustion. 
Phosphorus, carbon and a glowing splinter burn in it as in oxygen. 
A mixture of nitrous oxide and hydrogen explodes like detonating 
gas when it is ignited, only not quite so loud. These properties 
might lead one to confuse it with oxygen on a superficial examina- 
tion. It is very easily distinguished from the latter by the fact 
that it gives no red fumes when mixed with nitric oxide (§ 120) 
and always leaves residual gas (nitrogen) after a combustion. A 
faintly burning piece of sulphur is moreover extingxiished by 
nitrous oxide. 

Nitrous oxide is endothermic: 2N + — N,0 = — 17.7 Cal. 

Berth ELOT has made the general observation that endothermic 
substances can suffer an explosive decomposition; in this case this 
may be brought about by touching off the gas with fulminating 
mercury. It is easy to explain Berthelot's observation. When an 
endothermic substance decomposes, heat is evolved. Now, we saw 
in § 12 that chemical reactions are accelerated in a very high degree 
by rise of temperature. Suppose that a sudden decomposition is 
caused at a certain point in a mass of an endothermic compound. 
The surrounding molecules are heated thereby and they too split up 
suddenly, thus evolving still more heat, and so on. The whole 
mass will thus reach a condition of sudden decomposition, that is, 
it will explode. To bring this about it is only necessary that the 
first impulse be vigorous enough for the sudden decomposition of 
so many molecules that the heat evolved is sufficient to raise the 
surrounding ones to the temperature of decomposition. 

The composition of nitrous oxide can be determined by mixing 
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the gas with hydrogen and exploding the mixture. Starting with 
100 c.c. N,0 mixed with 150 c.c. hydrogen, we have remaining 
after the explosion 150 c.c. of a mixture of nitrogen and hydrogen. 
In order to determine the amount of hydrogen present we add 
to the mixture 50 c.c. oxygen and again send a spark through it. 
We find that the volume is reduced by the explosion from 200 c.c. 
to 125 c.c; the contraction was therefore 75 c.c. Of this 75 c.c. 
two-thirds was hydrogen, so that in the 150 c.c. which remained 
after the first explosion there was 150 — 50 = 100 c.c. nitrogen. 
Hence 100 c.c. nitrous oxide has yielded 100 c.c. nitrogen. 
To find the volume of oxygen which was in combination with 
the nitrogen we must know the amount of hydrogen that dis- 
appeared in the explosion. Of the 150 c.c. that was added 
originally 60 c.c. was left; therefore 100 c.c. hydrogen was con- 
sumed in forming water with the oxygen of the nitrous oxide, an 
amount which requires 50 c.c. oxygen. We thus reach the con- 
clusion that 1 vol. nitrous oxide in decomposing yields 1 vol. 
nitrogen and J vol. oxygen; this is expressed by the formula X^O: 



2N,0 = 2N, + 0,. 

S vols. 2 vols. 1 vol. 



Under the protracted action of induction sparks the gas splits 
up into a mixture of nitrogen and oxygen, the volume of which is 
half again as great as that of the nitrous oxide. When potassium 
and sodium are burned in the gas, potassium and sodium oxides 
respectively are formed, together with nitrogen; the gas-volume 
after cooling is unchanged. Both of these observations point to 
.the same formula, N,0, as does also the fact that its specific 

gravity, which should theoretically be — ^t — ^ 22 (H = 1), 

was found to be 21.89. 

NITBIC OXIDE, HO. 

120. This gas is only obtained by the reduction of nitric or 
nitrous acid. The ordinary method of preparation is by allowing 
copper to act on nitric acid or else by covering copper (in the form 
of thin sheets) with a saturated solution of saltpetre and adding 
^concentrated sulphuric acid drop by drop (§ 127) : 

3Cu + 8HN0, = 3Cu(N0,), + 4H,0 + 2N0. 
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In this reaction the hydrogen, which would be expected to be 
generated from the nitric acid, reduces another portion of the acid. 
In order to prepare nitric oxide by tlie reduction of nitric acid 
or a nitrate a boiling-hot solution of ferrous chloride, FeCl,, in 
hydrochloric acid is found very satisfactory; the ferrous chloride 
is converted into the ferric chloride, FeCl, , by the reaction : 

HNO, + 3FeCl, + 3HC1 = 3FeCl, + 2H,0 + NO. 

Perfectly pure nitric oxide is obtained by treating a mixture of yellow 
pcussiate of potash and potassium nitrite with acetic acid: 

2K«FeCy« + 2KN0, + 4C.H4O, = K.FeaCy,, + 4KC,H,0, + 2H,0 + 2N0. 
Yellow pruft- Pot. ni- Acet. acid. B«!d prus- Pot. acetate, 

slate. trite. slate. 

Physical Properties, — Nitric oxide is a colorless gas, whose 
specific gravity has been found to be 1.039 (air = 1). It can be 
condensed to a liquid, which boils under ordinary pressure at 
— 153. 6°. The critical temperature is — 93. 5**, the critical pressure 
71.2 atm. It is not very soluble in water, but dissolves easily in a 
solution of ferrous sulphate, FeSO^; strange to say, this solution is 
quite dark brown in color, although the ferrous salt solution is pale 
green and nitric oxide colorless. 

Chemical Properties, — It is characteristic of this gas, above all 
other properties, that it combines with oxygen at once, forming 
nitrogen dioxide, a reddish-brown gas. 

Priestley, at (he end of the eighteenth century, made use of this reac- 
tion to determine the proportion of oxygen in the air. To this end he 
mixed 1 vol. air with 1 vol. nitric oxide and absorbed the red NOa fumes, 
that were formed, with caustic potash. From the equation: 

2N0 + 0» = 2N0, 

2 vols. 1 vol. 

it follows that one-third of the volume that disappeared was oxygen. 

At red heat nitric oxide is converted into dioxide and nitrogen. 
On heating it with hydrogen no explosion occurs; the mixture 
bums with a white flame, forming water and nitrogen. If burn- 
ing phosphorus is introduced into the gas, it continues to burn ; a 
lighted candle is, however, extinguished; sulphur and charcoal da 



Digitized by VjOOQ IC 



NITROOEN OXIDES. 179 

not bum in it either. A mixture of nitric oxide and carbon bisul* 
phide bums with an intensely luminous blue flame, that is very 
rich in chemically effective rays. 

Nitric oxide is a strongly endothermic compound; it can be 
made to explode by fulminating mercury. 

Compositio7i, — When sodium is heated in a measured amount 
of nitric oxide, sodium oxide and nitrogen are formed; the latter 
takes up exactly half the Yolume of the original gas. The specific 
gravity of nitric oxide is 15 (H = 1), hence its molecular weight is 
30. According to the above decomposition the gas contains one 
atom of nitrogen (14 parts by weight). There remain for the 
oxygen, therefore, 16 parts by weight, i.e. just one atom. Hence 
the formula is NO. 

SiDce nitrogen is trivalentor pentivalent (the latter in ammonium salts, 
e.g. KH4CI) and oxygen is bivalent, it must be assumed that there is a free 
valence bond in NO, i.e. — N = O. The same applies to N0«. Free bonds 
like these are very rare. 

Kitrooi Anhydride, N^Os. 

181. This compound is only known at low temperatures. It is obtained 
as a blue liquid when nitric oxide is led into the liquid tetroxide, NsOi , at 
— 21''. In the gaseous state the compound dissociates completely, even at a 
low temperature, into N0« and NO, as is shown by the vapor density; neither 
do N0« and NO, when mixed in the gaseous condition, give evidence of any 
contraction, which would necessarily be the case if they united to form 
NsOt- By the action of arsenious anhydride, As«Oa , on nitric acid (sp.g. 
1.8) a gas mixture is formed which has almost exactly the composition 
N,0.,i.e. NO, + N0. 

VITBOOEK DIOXIDE AED TETBOZIDE, EO, AED H,04. 

122. Nitrogen dioxide is formed from nitric oxide plus oxygen, 
or more conveniently by heating well-dried lead nitrate : 

Pb(N0,), = PbO + + 2N0,. 

When so prepared it is a very deep-brown gas. On leading it 
into a strongly cooled vessel it condenses to a bright yellow liquid, * 
which solidifies at — 20° to colorless crystals, that melt at — 12°. 
The color becomes darker on warming and at -f- 26° the liquid 
begins to boil, changing back again into the brown gas. The 
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vapor density of this gas at 26° is found to be 38. 0, while that cal- 
culated for ]sr,0, is 45.9 and that for NO, 22.9 (H = 1). Since 
the value found is between the two^ it may be assumed that at this 
temperature the vapor consists partly of N,0^ molecules and partly 
of NO, molecules. A simple calculation indicates the percentage 
of the former to be 34. 4j^. As the temperature rises, the vapor 
density steadily decreases till about 150° is reached, when it is con- 
stant at 22.9. There is evidently a dissociation of N,0^ molecules 
in this case, 

NA;::r2No„ 

1 vol. 2 vols. 

and, inasmuch as the color of the gas grows darker, we must sup- 
pose that NO, is dark brown, while N,0^ is colorless, which is true 
of the latter in the solid state. This supposition is supported by 
the fact that the degree of dissociation can not only be estimate 
from the intensity of the color, but that it can be even measured 
quantitatively in this way. 

According to § 51 the equilibrium between the two gases is 
expressed by the equation : 

P - a; = *ar«, 

where P is the total pressure of the gas mixture and x that of the 
dioxide, Jc being a constant. From this equation it follows that 
the dissociation (at a constant temperature) depends on the pres- 
sure (§ 51), which lias been shown to be the case. This also fol- 
lows from the theorem of Lb Chatelier (§ 102). 

On bringing nitrogen tetroxide in contact with water or, better, 
with alkalies, nitrous and nitric acids are formed; we may therefore 
consider it as a mixed anhydride of these two acids: 

Sn'>0 + H,0 = NO,. OH + NO- OH. 

^ ^ Nitric acid. Nitrous acid. 

Both NO, and N,0^ possess strong oxidizing ability; many 
substances burn in their vapor ; they precipitate iodine from solu- 
ble iodides. 

The composition of nitrogen dioxide follows from its synthesis* 
^nation, 2N0+ 0,, and from the vapor density. 
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nitrogen Pentozicle, VsOt. 

128. This compound can be obtained by the action of chlorine on silver 
nitrate or by distilling fuming nitric acid with phosphorus pen tozide. It 
is a colorless crystalline solid. It melts at 80*", and at 45-50*" breaks up, 
giving off brown fumes. If the heating takes place rather rapidly the decom- 
position is explosive in nature ; sometimes a spontaneous explosion even 
takes place, hence it can not be kept long. 

As nitrogen pentoxide is strongly endothermic, its spontaneous explo- 
sion must be explained in the same way as is indicated in § 119. Only wo 
must admit in this case that the decomposition at ordinary temperatures is. 
great enough to sufSciently heat the neighboring molecules. 

It unites with water, forming nitric acid with the evolution of much 
heat. As might be expected, it has strongly oxidizing properties. Phos- 
phorus and potassium, for instance, burn with great brilliance in the slightly 
warmed anhydride. 

The composition of nitrogen pentoxide is ascertained by heating with 
powdered copper ; the amount of nitrogen evolved corresponds to the formula 
N.O,. 

Oxygen Acids of Nitrogen. 

124. Three acids of nitrogen are known: hyponitrous acid, 
H,N,0,; nitrous acid, HNO,; nitric acid, HNOg. The nitrous 
acid is known only in dilute aqueous solution, but both of the others 
in the pure state as well. 

Only certain ones of the above nitrogen oxides can be regarded 
as acid anhydrides. The pentoxide is undoubtedly one and the 
tetroxide may be considered as a mixed anhydride of nitric and 
nitrons acids (§ 122). Nitrogen trioxide gives a solution of nitrous 
acid when mixed with water at a low temperature; however, this 
solution undergoes a decomposition slowly at ordinary, more rapidly 
at higher, temperatures, nitric acid and nitric oxide being formed: 

3HN0, = HNO, + 2N0 + H,0. 

No acid corresponding to nitric oxide, NO, is known, and also 
none to nitrons oxide, N,0, although hyponitrous acid has the 
formula N,0 + H,0 = H^N^O, and can also really yield nitrous 
oxide. However, no one has yet been able to obtain hyponitrous 
acid from nitrons oxide and water. 
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HTponitrom Aeid, HiHsO,. 

126. This acid is formed when nitrogen triozide is introduced into a 
methyl-alcoholic solution of hydroxylamine. After neutralization the 
diflScultly soluble yellow silver hyponitrite, AgiNgOi , can be precipitated 
from the solution by silver nitrate. From this salt the free acid is obtaiueii 
by treating it with ether saturated with hydrochloric acid gas and evapo- 
rating the ether, whereupon it is left in the form of white flaky crystals. 
These are very explosive, and dissolve very easily in water. The freezing- 
point depression of the aqueous solution shows that the molecular formula 
is HsNaOs. On warming the aqueous solution the acid breaks up almost 
wholly into nitrous oxide and water. When the acid is set free (by the 
addition of an excess of silver hyponitrite to cold dilute hydrochloric acid) 
it does not liberate iodine from potassium iodide at once ; the reaction is 
delayed for a time, probably on account of a decomposition, by which 
nitrous acid is formed. 

Hyponitrous acid belongs to the class of weak acids ; its aqueous solu- 
tion is a poor conductor. Both neutral and acid salts of this acid are 
known. 

HITB0U8 ACID, HHOs. 

126. It was remarked above that this acid is only known in 
dilute solution at ordinary or low temperatures; its salts are, how- 
ever, stable. In order to prepare them we usually employ potas- 
sium or sodium nitrate, which gives off oxygen when heated and 
is converted into nitrite. This decomposition takes place more 
readily if lead is added during the heating as a reducing agent: 

2KN0, = 2KN0, + 0,. 

Its salts are all easily soluble in water, with the exception of 
silver nitrite, AgNO^ , which is rather difficultly soluble at ordinary 
temperatures; it is obtained as a yellow crystalline precipitate, when 
not too dilute solutions of silver nitrate are mixed with a nitrite. 

The addition of strong sulphuric acid to a nitrite at once pro- 
duces red fumee; in this way a nitrite can be distinguished from 
a nitrate, for the latter does not produce them. It may be assumed 
that in this reaction free nitrous acid is primarily formed; this is, 
however, broken up directly into water and nitrogen trioxide, the 
latter of which at once splits up again into NO, + NO; thereupon 
the nitric oxide unites immediately with the surrounding oxygen 
to form dioxide. The red fumes thus consist solely of nitrogen 
dioxide, NO,. 



Digitized by VjOOQ IC 



NITRIC ACID. 183 

On treating a very dilate nitrite solution with' the equivalent 
amount of sulphuric acid a dilute solution of free nitrous acid is 
obtained. This solution can act either oxidizing or reducing. As 
examples of the former action we have the liberation of iodine from 
a solution of potassium iodide, the oxidation of sulphurous acid in 
dilute solution to sulphuric acid, the oxidation of ferrous sul- 
phate, FeSO^, to ferric sulphate, Fe,(SOJ,, and the conversion of 
the yellow to the red prussiate of potash. In all of these cases lower 
oxides of nitrogen, chiefly nitric oxide, are formed. An example 
of its reducing action (in which nitrous acid is oxidized to nitric 
acid) is the bleaching of potassium permanganate, KMnO^, in sul- 
phuric acid solution: 

2KMnO,+5HNO,+3H,SO,=K,SO,+2MnSO,+5HNO,+3H,0. 

This last reaction offers a means of determining quantitatively 
(volumetrically, see § 93) the strength of a dilute solution of nitrous 
acid. 

KITBIC ACID, HHO.. 

127. This is the best known acid of nitrogen. It is manufac- 
tured on a large scale, since its uses are many and varied; in the 
organic dyestuff industry, for example, large quantities are 
employed. The commercial process of manufacture depends on 
the decomposition of Chili saltpetre, NaNO,, by strong sulphuric 
acid: 

NaNO, + H,SO, = NaHSO, + HNO,. 

It is carried out in the following way : 

In the cast-iron retort ( (7, Fig. 44), saltpetre and sulphuric acid 
(chamber-acid) are mixed in proportions corresponding to the above 
equation, a slight excess of sulphuric acid, however, being added, 
because this makes the residue easier to remove from the retort. 
The retort is connected with a row of earthenware bottles {EE') 
containing a little water. These receive the distilled acid. The 
last bottle connects with a coke tower through which water is 
trickling down to dissolve the uncondensed acid vapor. By this 
process a liquid of a specific gravity of 1.35 and containing 60j^ 
acid is obtained. If the saltpetre is previously dried and concen- 
trated sulphuric acid is used, a nitric acid of sp. g. 1.52 and almost 
lOOj^ pure can be obtained. 
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In Bome cases two molecules of saltpetre are used to one of sul- 
phuric acid. If heat is moderately applied, the process is the B&me 
as above, but on heating to a higher temperature the acid sodium 
sulphate that is formed acts on the second molecule of nitrate, also^ 
forming nitric acid : 

NaNO, + NaHSO, = Na,SO, + HNO,. 

A large part of the nitric acid, however, dissociates at the same 
time as follows: 

2HN0, = 2N0, + H,0 + 0. 
The NO,-fumes dissolve in the distillate. The liquid thus 




Fig. 44.— Mandfacturk of Nitric Acid. 

obtained is red and its specific gravity is 1.52-1.54: it fumes 
strongly in the air and is known as ^^ red fuming nitric acid.*' 

For some years the distillation of saltpetre with sulphuric acid 
has been carried on in a vacuum. The yield of acid in such a case 
approaches closely to the theoretical and the product obtained is 
entirely free from nitrous fumes. The latter result is also accom- 
plished by the use of a tube condenser (Hart) instead of bottles. 

Nitric acid is formed in small amounts in certain processes of 
burning in the air, e.g. when hydrogen is exploded with air, when 
sparks pass through moist air for some time, in the combustion of 
ammonia, etc. Crookes has shown that nitrogen is combustible ; 
when a spark from a strong induction coil is sent between two 
terminals, the air takes fire, or more correctly the nitrogen, and 
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burns with a vigorous flame, producing nitrous and nitric acids. 
The teasbn why the flame does not spread farther over the earth 
and the earth is not flooded with nitric acid lies in the fact that 
the kindling-point is far, above the temperature of the flame. 
Nitric acid also results from the action of certain sorts of bacteria^ 
which' serve as conveyers of oxygen, when nitrogenous organic 
substances are left exposed to the air in contact with basic sub- 
stances, such as lime; this was formerly the method of preparing 
saltpetre on a large scale (g 229). 

Physical Properties, — Absolute nitric acid, i.e. the compound 
HNO, in the pure state, is prepared by distilling the nearly pure 
acid of commerce (sp. g. 1.5) with concentrated sulphuric acid /w 
vacuo. The liquid distillate has a specific gravity of 1.559 at 0° 
and becomes solid at — 40°; it boils under ordinary pressure at 
86*^, but with partial decomposition. 

Cliemical Properties, — Nitric acid, especially when pure, is a 
rather unstable compound; at ordinary temperatures it is decom- 
posed by sunlight to a slight extent, turning yellow on account of 
the small amount of nitrogen dioxide formed. At an elevated 
temperature the acid also breaks up, decomposition into NO,, H,0 
and being complete at 260°. 

When strong nitric acid is subjected to repeated distillation under at- 
mospberic pressure, its boiling-point gradually rises, while the acid becooies 
proportionately weaker, until finally a 68^ acid is obtained, which boils 
constant at 120.5"*. The same mixture is obtained when one starts with 
dilute acid and distills it. We have here phenomena analogous to those 
attending the distillation of hydrochloric acid (§ 29). 

Nitric acid is very extensively split up into ions in its aqueous 
solution; it is one of the strongest acids known. 

When it comes in contact with metals, the salts of nitric acid 
(nitrates) are formed, but without any evolution of hydrogen^ 
since part of the acid present is reduced by the nascent hydrogen. 
The nitrates are all easily soluble in water. The action of nitric 
acid on the metals is not the same in all cases. It does not attack 
gold or platinum. Silver, mercury and copper are only imper- 
ceptibly dissolved at ordinary temperatures, but on warming they 
dissolve with the evolution of nitric oxide. This and the other 
NO-compounds are powerful catalyzers in the dissolving of the 
above-named metals, for nitric acid which is perfectly free from 
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them does not dissolve these metals, while the reaction immediately 
begins as soon as a little of these substances is added. It may be 
supposed that on warming nitric acid a trace of NO-compounds 
is formed, which together with the elevation of the temperature 
accelerates the reaction. Iron, zinc and magnesium reduce nitric 
acid to nitrous oxide and even to ammonia. Under the action of 
iron-filings and dilute sulphuric acid the reduction of nitric acid 
to ammonia in dilute solution is quantitative. There are also 
various denitrifying bacteria known, the Bac. pyocyaneus being 
the best studied of them. 

Nitric acid frequently acts as a powerful oxidizing agent, 
especially at an elevated temperature. If sulphur is boiled with it, 
the sulphur is converted to sulphuric acid, similarly phosphorus to 
phosphoric acid. A glowing piece of charcoal, dropped upon the 
concentrated acid, continues to bum with a bright glow. In all 
these cases the highest oxidation-stages are formed. Nitric acid 
is used particularly in the organic branches of chemical industry. 

The composition of nitric acid can be deduced from that of its 
anhydride. A weighed amount of the latter is introduced into 
water; nitric acid is formed, which is neutralized with baryta 
water. By evaporation it is possible to determine how many parts 
by weight of barium oxide, BaO, combine with anhydride. It is 
found that 153.2 parts (= iBaO) combine with 108.08 parts 
(= iNjOj) ; the formula of barium nitrate thus becomes Ba(NOJ,, 
hence that of nitric acid itself must be HNO, 

Derivatives of the Nitrogen Aeids. 

128. In discussing the manufacture of sulphuric acid (§ 86) we 
already referred to the chamber crystals, HSO^N. They are 
formed in the lead-chambers in case not enough steam is supplied. 
The following equation expresses the action that takes place: 

2S0, + N,0, + -f H,0 = 2S0,NH. 

The ordinary method of preparing this substance is by conduct- 
ing carefully dried sulphurous oxide into cooled fuming nitric acid: 

SO, + UNO, = SO5NH. 
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The crystalline mass obtained is spread out on porous earthenware 
to allow the adhering liquid to be absorbed. 

The chamber crystals have the appearance of a coarse crystal- 
line, colorless mass; they melt at 73°. They are at once decom- 
posed by water into sulphuric and nitrous acids: 

SO5NH + H,0 = H,SO, + HNO,. 

For this reason the compound is considered as the mixed anhydride 

of sulphuric and nitrous acids. According to § 90 the structure 

OH 
SO,<Qg- can be ascribed to sulphuric acid; to nitrous acid the 

structure HO-NO, since a hydroxyl is assumed (§ 129) to exist in 
it. For the chamber crystals we therefore have 

SO,/ , -^SO,<95n- 

"\OH-l-HONO "^ONO 



H + HO NO 

Chamber crystals. 



Since the atomic group NO is known as nitrosyl, the rational 
name for the compound is nitrosyl sulphuric acid. 

Concentrated sulphuric acid dissolves nitrosyl sulphuric acid 
without change. This solution is very stable; it can be distilled 
without decomposition. It is formed in the Gay Lussac tower of 
the sulphuric-acid factory and is called ''nitrated acid" or 
** nitrous vitriol". On dilution with water this solution is not 
altered until its specific gravity reaches 1.55-1.50 (51°-48*' B.); 
then the nitric oxides begin to escape, especially when warmed. 
Water and sulphurous oxide act on the nitrated acid, producing 
the following reaction : 

2SO,<2h^ + ^^fi + S^« = ^SO«<OH + ^^^• 

This action takes place in the Glover tower. 

It is of great importance indastrially to be able to determine the 
amoant of nitrogen that the nitrated acid contains. This can be done as 
follows: The acid is agitated with mercury, whereby all nitrogen com- 
pounds in solution are given off in the form of nitric oxide, and the gas 
evolved is measured. Another method consists in decomposing the nitrated 
acid with a large excess of water and titrating with permanganate the 
nitrous acid formed (§ 126). 
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129. Nitrosyl chloride, NOCl, is a reddish-yellow gas at ordi- 
nary temperatures; by cooling to — 20° it can be condensed to a 
red liquid, that boils at + 2°. This compound is formed by the 
direct combination of !N0 and CI. The best method of prepara- 
tion, however, is that of carefully warming chamber crystals with 
thoroughly dried sodium chloride : 

S0,<g2^ + ^^^^ = SO,<g]^* + NOCl. 

Nitrosyl chloride is broken up by water into nitrous and hydro« 
chloric acids : 

NOCl + H,0 = NO.OH + HCl; 

hence it may be regarded as the chloride of nitrous acid (§ 130). 

On mixing hydrochloric acid with nitric acid a liquid is pro- 
duced which, in addition to these two acids, contains chlorine and 
nitrosyl chloride : 

HNO, -f 3HC1 = 2H,0 + NOCl + CI,. 

This liquid (by virtue of the free chlorine it contains) dissolves 
the precious metals, including gold, the "king" of the metals; it 
therefore bears the name aqua regia. It was known even to the 
alchemists, particularly Geber, who prepared it by dissolving sal 
ammoniac, NH^Cl, in nitric acid. 

OTHEB HITEOGEH C0KP0UHD8. 

180. In organic chemistry acid derivatives are known, which ar» 
formed through the substitution of the hydroxyl groap by a halogen atom 
or the amido group NHa. The former class are called acid chlorides, 
the latter amides. Of the inorganic acid chlorides we have already 
become acquainted with those of sulphuric acid (g 90). Nitrosyl chloride is 
also an acid chloride. A few inorganic acid amides will now be discussed 
briefly. 

By the action of ammonia gas on a sohition of sulphuryl chloride ia 
chloroform there is formed among other things snlpkamide, 80fl(NHs)t. 



|Cl + H|NHa .NH, 

SOq 1 _^ so,/ 

IC1 + HI NH, \NH, 

This compound forms large colorless crystals that are very soluble la 
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^ater and melt at 8r. It is transformed by alkalies into an amido-ndpho- 

OH 
mate, SOs<^g . This acid is very stable, is slightly soluble in water, and 

•crystallizes in colorless rhombic prisms. 

Potassium sulphite and potassium nitrite react to form a crystalline 
precipitate; this compound, to which is given the structural formula 
K(SOtE)s + 2HsO, is regarded as ammonia in which three hydrogen atoms 
^are replaced by sulpho groups (SOaK) : 

KNOa 4- 3K,S0a + 2H,0 = N{SOiK). + 4K0H. 

It is known as potaaiinm nitrilosalphonate. On boiling it for a short time 
with water, or better, by letting it stand for a day moistened with dilute 
sulphuric acid, it forms potasdnm imidoiulphonate : 

N(SO.K), + H.O = NH(SO,K), + KHSO4. 

If the boiling is continued for a long period, amidoinlphonie aoid is pro- 
•duced : 

N(S03K)3 + 2H,0 = NH,80,H + K.80« + KHSO4. 

Similar derivatives of hydroxylamine are also known. The potassium 
salt of hydroxylamine-disulphonic acid, H0-N(80aK)« + 2HaO, is formed 
when solutions of acid potassium sulphite and potassium nitrite are mixed: 

KNO, + 2KHS0, = HON(SO,K), + KOH. 

By boiling this compound with water hydrozylamine is set free: 

HON(S0.K), + 2HaO = HONH, + 2S0«KH. 

The amide of nitric acid, nitramide, NHs-NOt , has so far been obtained 
only from an organic compound, nitrourethane, NOaNH.COaCiHs. This 
amide appears in colorless crystals that melt at 72° with decomposition. 
The aqueous solution reacts strongly acid. It is a very unstable sub- 
stance, decomposing on being mixed with copper oxide, powdered glass or 
the like. It is immediately broken up by alkalies and even by sodium ace. 
tate at ordinary temperatures, nitrous oxide and water being formed in 
the latter case. 

PHOSPHOBXTS. 

131. Phosphorus does not occur free in nature, inasmuch as it 
-combines very easily with oxygen. Nevertheless salts of phos- 
phoric acid are widely distributed and occur in large quantities. 
Tricalcinm phosphate, Ca5(P0J,, phosphorite, is found in large 
deposits; other phosphates which are frequently met with are: 
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apatite, 3Ca,(P0J, + CaCl, (or CaF,); wavellite, 4A1P0, + 
2A1(0H), 4- 9H,0; and vivianite, Fe,(PO,), + 8H,0. Phosphates 
are also found to a small extent in granite and volcanic rocks; 
when these decay they enter the soil. About 0.1^ phosphates 
(calculated as PjO^) is present in soil of average fertility. Bones 
contain a considerable proportion of tricalcium phosphate. 

Phosphorus has been known for a long time. In 1674 the 




mm 




Fig. 45.— Manufacture op Phosphorus. 

alchemist Brand discovered it at Hamburg by evaporating urine 
and heating the residue with sand in an earthen retort. Scheele 
first prepared phosphorus from bones by a process which in the 
main is still employed. 

For the manufacture of phosphorus bones or phosphorite are 
used. By treatment with sulphuric acid gypsum and phosphoric 
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acid are formed; the former is precipitated so that the solution of 
phosphorus can be easily poured off: 

CX(POJ, + 3H,S0, = 3CaS0, + 2H,P0,. 

Gypsum. 

This solution is eyaporated to a sirupy consistency, mixed with 
about one-fourth its weight of coke or charcoal and carefully dried 
in iron vessels, by which process the orthophosphoric acid, H^PO^, 
is converted into metaphosphoric acid, HPO,. The dry mixture 
is then heated in clay retorts, such as are pictured in Fig. 45, the 
following reaction taking place : 

4HP0, + 12C = 2H, + 12C0 + 4P. 

The phosphorus vapor, hydrogen and carbon monoxide escape 
through the earthenware pipe a, which opens under water into 
the vessels J^, in which the phosphorus vapor is condensed. 

Before the bones are used they are subjected to various preliminary 
operations. In some cases the fats are first extracted (with benzine) and 
then treated with high-pressure steam, whereby the organic portion (the 
cartilaginous matter) is converted into glue. The residue consists almost 
wholly of calcium phosphate and carbonate, and is worked up into phos- 
phorus as above explained. 

In other instances the bones are subjected to a dry distillation, from 
which ** Dippel's animal oil " is obtained, containing a number of impor- 
tant organic bases. That which remains in the retorts is bone-black (ani- 
mal charcoal), which is used in large quantities in sugar-factories to 
decolorize the sugar solutions. After it is no longer of use for this pur- 
pose, the animal charcoal is burned in the air, the carbon being consumed 
and white boneash remaining. This boneash is then sent to the pbos- 
pfaoms-factory. 

By using the heat of the electric arc phosphorus is now l)eing manu- 
factured from calcium phosphate, sand and charcoal. 

The phosphorus thus obtained is black because of adhering 
particles of charcoal and contains still other impurities. It can 
be purified by fusing it under water and pressing it through 
chamois; this process is usually preceded by a washing with a 
dilute solution of sulphuric acid and potassium bichromate, 
whereby the impurities are oxidized out. Finally the phosphorus 
is cast into sticks and in this form enters the market. 

132. Physical Properties. — At ordinary temperatures phos- 
phorus is a crystalline solid of a light yellow color and having a 
specific gravity of 1.83 at IC. When cold it is brittle on account 
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of its crystalline texture; above 15° it becomes soft and waxy and 
melts at 44.4° to a yellow, strongly refractive liquid. Its boiling- 
point is 290° ; it then turns to a colorless vapor. In the sunlight 
it becomes yellow and coated with an opaque pink layer. Phos- 
phorus is insoluble in water, slightly soluble in alcohol and ether, 
but easily soluble in carbon bisulphide, from which it crystallizes 
in regular crystals. 

The vapor density of phosphorus at temperatures between 515° 
«nd 1040° is 4.58-4.50 (air = 1). Its molecular weight is there- 
fore 123.84. Inasmuch as the smallest amount of phosphorus that 
is found in one gram-molecule of any of the numerous phosphorus 
compounds investigated is 31 g., this number therefore represents 
the atomic weight of the element; hence the molecule must consist 

of -^ — = 4 atoms. Between 1500° and 1700° the vapor density 
o 1 

decreases considerably, but does not quite reach the value corre- 
sponding to Pj molecules. By the cryoscopic method (§ 43) it 
has been found that the molecule of phosphorus also consists of 
four atoms at ordinary temperatures. 

133. Allotropic Forms. — Ordinary, or yellow phosphorus can 
be transformed by heating to 250°-300° (in absence of air, neces- 
sarily) into a reddish-brown powder, red phosphorus. Iodine is an 
accelerator of this process, so that a very small quantity makes it 
possible for this transition to take place even below 200°. Red 
phosphorus is manufactii red on a large scale by heating the yellow 
form in sealed iron cylinders for a few minutes at 250°-7300°. After 
cooling the product is treated with carbon bisulphide and with 
caustic soda in order to extract the unchanged yellow phosphorus. 

Red phosphorus is considerably different in its properties from 
the yellow form. It is not poisonous, while the latter is very much 
so. Red phosphorus is unaffected by the air and has not been 
melted. Its specific gravity is 2.106; it is insoluble in carbon 
bisulphide. Rktgeks has shown that it is in part crystalline. 
Moreover it is odorless, while yellow phosphoms gives off a peculiar 
odor because of the formation of ozone (g 3(5). When heated in 
the air, it does not ignite till 200'' is reached. On the whole it is 
chemically much less active than yellow phosphorus. 

The yellow modification can be kept for an unlimited period 
at ordinary temperatures; nevertheless it must be regarded as an 
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unstable form, just like '* detonating gas/' for at an elevated tem- 
perature (the higher, the faster), both pass over into a more stable 
form with the evolution of heat. The relative stability of the 
yellow form is only a consequence of the extraordinarily small 
velocity with which the transformation into the red one takes 
place at ordinary temperatures. Yellow phosphorus can be 
regained from the red by distilling the latter and cooling the vapor 
rapidly. It is a general rule that where a substance exists in 
different forms, the least stable appears first. Now, if the tem- 
perature is low, the velocity of transformation of the yellow form 
is so small that it seems jierfectly stable. 

Keumo pkotphorni is obtained by heating phosphoms with lead in 
evacuated air-tight tubes for ten hours at the temperature of faint red 
heat. The lead is then found permeated with very dark-hued small crys- 
tals, which can be separated out by dissolving the lead in dilute nitric acid. 
This modification has a specific gravity of 2.84. It is probable that metallic 
and red phosphorus are identical, only the former is better crystallized. 

134. Chemical Properties. — Phosphorus has a great affinity for 
many elements; it combines directly with all elements except 
nitrogen and carbon, the combination occurring with great vigor 
in many cases, e.g. when phosphorus is brought in contact with 
sulphur or bromine. Certain compounds of the metals (phos- 
phides) are known, which are called phosphorus bronzes 
(§ 199). Especially characteristic of phosphorus is its very strong 
affinity for oxygen ; yellow phosphorus takes fire in the air at 40'", 
so that contact with a hot glass rod is sufficient to ignite it. The 
burning is accompanied by a vigorous evolution of light and heat, 
phosphorus pentoxide, P^Oj, being formed. On account of this 
strong affinity for oxygen phosphorus is a powerful reducing agent. 
Sulphuric acid, when warmed with it, is reduced to sulphur 
dioxide; concentrated nitric acid oxidizes it with explosive \'iolence; 
dilute acid evolves nitrous fumes, oxidizing the phosphorus to 
phosphoric acid. Many metals are precipitated by phosphorus 
from their salts, phosphides being formed to some extent. Silver 
nitrate, for instance, gives silver and Ag,P with phosphorus; on 
warming phosphorus with a solution of copper sulphate copper 
phosphide, Cu,P, , is deposited. 

135. The slow oxidation of phosphorus by oxygen at ordinary 
temperatures is accompanied by the emission of a bluish light. 
This luminosity of phosphor vs is very plain in the dark. 
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This phenomeDon is due to various circumstances, some of which are yery 
mysterious. The oxidation, and hence the luminosity, is prevented by th» 
presence T>f traces of certain substances, such as hydrocarbons, ammonia^ 
etc. Further, the luminosity depends on the temperature ; below 10'' it is 
extremely weak. The gas-pressure has a peculiar influence ; at ordinary 
temperatures phosphorus does not emit light in pure oxygen of atmospheiic 
pressure, but if the pressure is reduced, a point is reached at which lumi- 
nosity commences ; this is at 666 mm. for IS"*, and at 760 mm. for 19.2°. 
The oxidation is therefore more vigorous in dilute oxygen (i.e. oxygen 
mixed with another gas, as nitrogen) than in concentrated. Van Marum 
observed as early as 1798 that a piece of phosphorus laid on wadding 
(which serves as a poor conductor of heat) in a closed vessel shines the 
more brightly as the oxygen is pumped out, and may even take fire in very 
dilute gas. 

The fact that oxidations are more energetic under reduced oxygen- 
pressure has been observed in many other cases. Some of these (for 
instance, the oxidation of acetaldehyde to acetic acid) are simple enough 
to be studied quantitatively, and it has been found that the reaction- 
velocity is proportional to the square root of the pressure of the oxygen. 
This can be explained by the supposition that the oxygen molecules are 
split up to a very small extent into their atoms and that these alone cause 
the oxidation. The equilibrium that must then exist between the atoms, 
and molecules of the oxygen and is represented by 

Oa^20 

is mathematically expressed by the equation (§ 51) : 

where C,q >^ is the concentration of the molecules, C/qj that of the atoms^ 
and k a constant. From this equation we have 

C(0) = *-*'W 

The concentration of the oxygen molecules can be regarded as propor- 
tional to the total pressure, the quantity of 0-atoms being anyhow very 
small ; hence the second equation also shows that the concentration of the 
oxygen atoms is proportional to the root of the pressure, as was found by 
experiments. 

Still another curious phenomenon is observed during the slow oxida> 
tion of many substances, organic as well as inorganic : when oxida- 
tion takes place in the presence of another easily oxidizable compound 
(called the acceptor) the latter takes just as much oxygen as is used' 
for the oxidation. The following example may illustrate this. Sodinnk 
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sulphite is easily oxidized by free oxygen (§ 84) to sodium sulphate. Or 
the other hand sodium arsenite is not oxidized by free oxygen when its 
solution contains an excess of EHCO*. But when solutions of sodium 
sulphite and sodium arsenite are mixed and then shaken with air, just as 
much oxygen is used for the oxidation of the acceptor (the arsenite) as for 
that of the sulphite. In other words, the sulphite, on being oxidized, has 
activated the same quantity of oxygen as it has taken itself. To explain 
this, Van^t Hoff supposes that the parts into which the oxygen molecule 
is split up, are not atoms but ions ; as they have opposite electrical charges, 
it la to be conceiyed that the ozidizaUa compound takes only one kind of 
ions, the acceptor the other. 

Detection of Phosphorus. — Poisonings by yellow phosphorus 
occur now and then. In order to detect it in such cases, use is 
made of its luminosity. For this purpose the contents of the 
stomach, which are to be tested for phosphorus, are diluted with 
water in a distilling-flask, connected with a condenser by a tube 
doubly bent at right angles. On heating the flask water distills 
over with a little phosphorus vapor ; if the whole apparatus is 
placed in a dark room, a luminous ring is noticed during this dis- 
tillation at the place where the steam is condensed, i.e. where the 
phosphorus vapor comes in contact with air in the condenser. 
The distillate contains phosphoric acid (Mitscherlich's test). 

Use. — Phosphorus is used chiefly for the manufacture 
of matches. Matches of the old sort are prepared by dipping 
the ends of the sticks first in molten sulphur and then in a paste 
consisting of gum, an oxidizing-agent (e.g. manganese dioxide) 
and yellow phosphorus. By rubbing them on a rough surface 
enough heat is generated to set them afire. These matches are 
not only very poisonous on account of the yellow phosphorus they 
contain but also very infiammable. Moreover, th«5ir manufacture 
is very injurious to the health of the workmen. For this reason in 
some countries (e.g. in the Netherlands) their manufacture is pro- 
hibited by law. They are being graduaUy displaced, especially 
in European countries, by the Swedish safet y-m a t c h e s^ 
which lack this defect. In them the head consists chiefiy of a 
mixture of potassium chlorate and antimony sulphide. They are 
lighted by striking them on a surface coated with some red phos- 
phorus. To be sure, their use has the disadvantage of requiring a 
special surface to ignite them on, but this on the other hand 
excludes the possibility of ignition by accidental friction. 
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Gompoandfl of Phosphonu and Hydrogen. 

There are three compounds of phosphorus and hydrogen 
known: (1) gaseous hydrogen phosphide, PH, (also called phos- 



phine); (2) liquid hydrogen 
hydrogen phosphide, (P,H)j, . 



phosphide, P,H^; and (3) solid 



HYDBOGEH PHOSPHIDE. PH08PHINE. PH,. 

136. This compound can be prepared from the elements by 
bringing phosphorus together with zinc and dilute sulphuric acid, 
i.e. with nascent hydrogen; when thus prepared, it is mixed with 
<a large quantity of hydrogen. 

It is obtained perfectly pure by decompo»ing phosphonium 




Fig. 46.— Preparation of Htdrogbn Phospiudb. 

iodide, PH J (see below) ; this substance, when treated with water 
or caustic potash, breaks up into phosphine and hydrogen iodide; 
the former passes off, while the latter stays in the liquid. 

The generation of hydrogen phosphide by heating phosphorous 
and hypophosphorous acids is another example of its formation by 
the direct decomposition of phosphonis compounds: 

4H3PO3 = PH, + 3H,P0,. 

Phosphorous Phosphoric 

acid. acid. 
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The ordinary method of preparation is by the action of phos-. 
phoms on caustic potash : 

P, + 3K0H + 3H,0 = PH, + 3H,KP0,. 

Pot. hypophos- 
phite. 

The reaction is really more complicated than this equation indicates,, 
for in addition hydrogen, PsHi and other substances are formed. (See^ 
also § 144.) 

By reason of the presence of gaseous PsHi, which is self- inflammable, 
eaoh bubble of gas ignites as it breaks into the air, forming usually a 
smoky ring of phosphorus pentoxide (Fig. 46). On account of this inflam- 
mability the Yessel in which the gas is generated from phosphorus and cans-, 
tic potash must be as full of liquid as possible. MoreoYcr, the delivery- 
tube (preferably with a wide mouth) must open in xvarm water, in order 
that it may not become clogged with particles of phosphorus carried over.. 
By passing the gas through hydrochloric acid or alcohol, the hydrogen 
phosphide is freed from PaH4 and is then no longer spontaneously com- 
bustible. 

No method of producing hydrogen phosphide by the action of 
hydrogen on phosphorus compounds is known; however, we have 
one by the interaction of hydrogen compounds and phosphorus 
compounds. Calcium phosphide, when decomposed by water or 
dilate hydrochloric acid, forms hydrogen phosphide : 

Ca,P, + 6HC1 = 3CaCl, + ^PH,. 

The phosphides of zinc, iron, tin and magnesium are decomposed 
by dilute acids with the formation of hydrogen phosphide. 

Physical Properties. — Hydrogen phosphide, or phosphuretted 
hydrogen, PH,, is a gas at ordinary temperatures; it becomes 
liquid at — 85° and solid at — 133.5°. It has a peculiar disagree- 
able odor, that reminds one of spoiled fish. It is slightly soluble 
in water, more so in alcohol. Sp. g. = 17 (0 = 16). 

137. Chemical Properties. — Hydrogen phosphide is very poison-.. 
oub; it bums very easily, yielding phosphoric acid. In the, 
presence of oxygen of ordinary pressure it remains unchanged; if, 
however, the pressure is diminished, an explosion results. This- 
conduct reminds one of phosphorus, which is luminous (becauseb 
of oxidation) only below a certain limit of pressure (§ 135). 
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The combustion of hydrogen phosphide may be expressed by 
the equation : 

2PH, + 40,= PA + 3H,0. 

Accordingly the reaction would be hexamolecular (§ 50). Van 
DER Stadt demonstrated by a method, similar to that referred to 
in g 51, that the first stage of the reaction is bimolecular and 
corresponds very closely to the following equation : 

PH. + 0. = H. + PO.H, 

Metaphos- 
phorous acid. 

if the gases slowly diffuse into each other in a diluted condition. 

In general, experience has taught that the mechanism of a 
reaction is decidedly simple and that chemical processes are almost 
always mono- or bimolecular. Accordingly, when the quantita- 
tive course of a reaction is represented by an equation indicating 
the participation of several molecules, it is probable that several 
intermediate reactions are involved. 

Hydrogen phosphide can unite with halogen-hydrogen acids 
directly to form compounds of the type PH^X (X = halogen), in 
analogy with ammonia. The best known of these compounds is 
PH J, phosphoniiun iodide, a colorless, well-crystallized compound, 
which is formed when dry hydrogen phosphide and hydrogen 
iodide are mixed. 

An easier method of preparation is to treat a solution of yellow phos- 
phorus in carbon bisulphide with iodine, distill off the carbon bisulphide 
and then add water slowly, warming gently ; phosphoniam iodide sub- 
limes out. The equation is 

5I + 9P + 16H,0.-^ 5PH4l + 4H,P04. 

Phosphonium iodide is very unstable, as was mentioned in 
§ 136; this is even more the case with phosphonium bromide, 
which is also a solid but is completely dissociated into the two 
hydrogen compounds, PH, and HI, as low as 30°. Phosphonium 
chloride is dissociated even at ordinary temperatures and pres- 
sures and can only exist below 14° or under more than 20 atm. 
pressure. Considering these properties, it is not surprising that 
phosphonium, PH^, — like ammonium — should be impossible to 
isolate. No other acids except those mentioned unite with 
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liydrogen phosphide. The general behavior of the latter thus 
shows that it is very much less basic than ammonia. 

Hydrogen phosphide possesses reducing properties. From 
solutions of silver nitrate or copper sulphate it precipitates a mix- 
ture of metal and phosphide; this property can be made use of to 
separate the gas from other gases. When mixed with chlorine it 
explodes vigorously; forming hydrochloric acid and phosphorus 
trichloride. 

The composiiiofi of hydrogen phosphide was determined by 
passing a known volume over copper turnings in a heated tube. 
The copper combines with the phosphorus, so that the increase 
in weight of the tube shows the proportion of phosphorus. The 
escaping hydrogen is collected and measured. In the experiment 
it was found that 34 parts (by weight) of hydrogen phosphide 
contain 31 parts of phosphorus and 3 parts of hydrogen, so that, 
by comparing this with the atomic weights, the" empirical formula 
is found to be PH,. This also expresses the molecule, for the 
specific gravity of the gas is 17 (H = 1), its molecular weight 
therefore 34. This agrees with the results of the decomposition 
of hydrogen phosphide by induction sparks or by the electric arc; 
1 vol. PIIj yields li vols, hydrogen and also amorphous phos- 
phorus, which is deposited on the sides of the tube and on the 
platinum wires (or carbons). 

2PH, = 311, + 2P. 

2 vols. 3 vols. solid. 

liquid Hydrogen Phosphide, PsH4. 

138. In certain cases this compound is formed as a by-product in the 
preparation of phospbine. Especially is it formed in the decomposition of 
calcium phosphide with water. It also results from the oxidation of phos- 
pbine by various substances, for instance, nitrogen dioxide, by which ordi- 
nary hydrogen phosphide can be made spontaneously inflammable. The 
mixture of PHt and PaH4 can be separated by passing it through a well- 
cooled tube ; the latter condenses to a colorless liquid, which boils at 
57'-o8° (under 735 mm.) and has a specific gravity of 1.01. It is easily 
decomposable and cannot be preserved, because it rapidly changes to the 
gaseous and the solid hydrogen phosphides. The same decomposition is 
also effected by hydrochloric acid. It must be condensed in the dark, as 
sunlight aids decomposition. The empirical composition is indicated by 
the formula PHa; but since phosphorus is trivalent, we take PaHf, I.e. 
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HaP-PH«, as the formula of the molecule. Liquid hydrogen phosphide; 
thus becomes analogous to hydrazine. 

Solid Hydrogen Phosphide (FaH).. 
189. This substance is formed by the decomposition of the preceding 
one, especially easily when phosphine charged with PsH4 vapor is led into 
concentrated hydrochloric acid. It then separates as a yellow powder of 
the empirical formula PsH, whose molecular weight it has as yet been im- 
possible to ascertain. On being heated (in a COa-atmosphere) it breaks 
up into phosphorus and hydrogen ; when heated in the air it catches tire 
at 160*. It is insoluble in water. 

Halogen Compounds of Phosphorus. 

Phosphorus unites with all four of the halogens to form com- 
pounds of the types PX, and PX^; the most important are the 
chlorides. 

PHOBPHOBUB TBICHLOSIDE, PCls. 

140. This compound can only be obtained by direct combina- 
tion of the elements. In preparing it a rapid current of dry 
chlorine is led over phosphorus in a retort. The phosphorus bums 
with a pale yellow flame and a mixture of trichloride and penta- 
chloride distills over into the receiver, which is kept cold. A little 
phosphorus is added to the distillate in order to convert the 
pentachloride to trichloride, and the liquid is redistilled. An 
easier method is to introduce phosphorus into a flask with some 
phosphorus trichloride and lead chlorine into the mixture. 

Physical Properties. —Phosphorus trichloride is a colorless 
liquid of a very pungent odor; it boils at 76° and remains liquid 
as low as - 115°. Sp. g. 1.61294 at 0°. 

Chemical Properties, — Water decomposes it very rapidly with 
the formation of hydrochloric and phosphorous acids : 

PCI3 + 3H,0 = H,PO, -f 3HC1; 

it is because of this decomposition that it fumes in moist air. 
Continued treatment with chlorine converts it into the penta- 
chloride. 

PHOBPHORUB PEVTACHLOBIBE, PCI.. 

141. This substance is prepared by passing chlorine over phos- 
phorus trichloride. Fine light yellow crystals at once appear and 
the entire mass Anally becomes solid, indicating that all is con- 
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Terted into pentachloride. This compound fumes strongly in 
moist air, being immediately decomposed by water with the forma- 
tion of hydrochloric and phosphoric acids. When heated it sub- 
limes without melting. In the transition to the gaseous state it 
breaks up at a rather low temperature into the trichloride and 
chlorine; this dissociation is complete at 300°, for at that point 
the vapor density is just half of that calculated for the penta- 
chloride. The vapor, which at moderately low temperatures is 
almost colorless, takes on the yellow color of chlorine for the above 
reason, as the temperature rises. The dissociation products^ 
phosphorus trichloride and chlorine, can be separated by diffusion. 
Phosphorus pentachloride evaporates in an atmosphere of the tri- 
chloride with almost no dissociation {cf, § 51). 

By the addition of a little water it is converted into phosphorus 

oxychloride: 

PCI, + Hfi = POCl, + 2HC1. 

With more water phosphoric and hydrochloric acids are produced. 
Phosphorus pentachloride is used in organic chemistry to 
replace hydroxyl groups with chlorine. In inorganic dhemistry, 
it can also be employed for the same purpose; thus sulphuric acid 
reacts with it in the following manner (§ 90) : 

PHOSPHOBUS OXTCHLORIDEp POCU. 

142. The best method of preparing this compound is by tho 
oxidation of the trichloride with sodium chlorate: 

3PClj + NaClO, = 3P0C1, + NaCl. 

In order to moderate, the great vigor of this reaction sodium 
chlorate is placed under phosphorus oxychloride and the tri- 
chloride is then added slowly by means of a dropping-funnel. 
Besides the method just given, phosphorus oxychloride may be 
obtained by the hot digestion of the pentachloride with the pent- 
oxide of phosphorus: 

3PCI5 + P,0, = 5P0C1,. 

Phosphorus oxychloride is a colorless, mobile liquid, that boils 
at 107.2° and, when solid, melts at - 1.5°. Sp. g. = 1.7118 at 0^ 
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In the presence of water, with which it is not miscible, it 
slowly changes to phosphoric and hydrochloric acids: 

POCl, + 3H,0 = H,PO, + 3HC1, 

THE C0MF0UHD8 OF FEOSPnORUB WITH THE OTHEB HAL0OEK8. 

148. These are very analogous to the chlorine deriyatives. They are 
likewise prepared by direct synthesis from the elements. Inasmuch as the 
reaction is very vigorous, it has to be moderated by dissolving the phos- 
phorus and the halogen separately in carbon bisulphide, slowly adding 
one to the other and then distilling off the solvent. The fluorides have 
special methods of preparation. These compounds are broken np by water 
like the corresponding chlorides, the fluorides, however, quite slowly. 

The composition of these compounds can be ascertained in the 
following way : In the decomposition with water they yield phos- 
phoric or phosphorous acid and a halogen acid, so that the quan- 
tities of phosphorus and halogen present can be found by 
determining the amounts of these acids. Moreover, the molecular 
weight can be obtained by measuring the vapor density, it being 
necessary to remember, however, that compounds of the type PX^ 
are usually dissociated in the gaseous state. 

Oxygen Compounds of Phosphorus. 

144. Four compounds of this class are known: phosphorus 
vionoxide, P^O; phosphorous auhydriihy Ffi^; phosphorus tetroxide, 
P,0^; and phosphorus peutoxide^ or phosphoric anhydride, P,Oj. 
Only the last is of any great importance. 

PhosphoroM Monoxide, P^O. 

This substance is formed when finely divided phosphorus is treated at 
t)rdinRry temperatures with a solution of caustic alkali in aqueous alcohol. 
The phosphorus dissolves in this, coloring it deep red and generating 
hydrogen : ?< -}- H,0 = P4O -f- Ha. On acidifying this solution the phos- 
phorus monoxide is precipitated. It is insoluble in all solvents except 
alcoholic potash, M'hich dissolves it, assuming a dark-red color. When 
the red solution is warmed it becomes colorless ; hydrogen and phosphiue 
escape and hypophosphorous acid is formed : P4O + H,0 = 2P,0 -f H. ; 
P,0 + 3H,0'= 2H,P0,. 

Photphoroni Anhydride, P40f. 

This compound is produced when phosphorus burns in a slow current of 
<lry jiir in a tube. The principal product is phosphorus pentoxide, which 
can be collected by a wad of glass fibers. The phosphorous anhydride 
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:goe& off as a vapor and is condensed in a well-cooled tube. It is a white 
waxy substance when thus formed but it can also be obtained in crystals ; 
the latter melt at 22.5* and boil at 173. r (in a nitrogen atmosphere). 
The vapor density has been found to be 109.7, while that calculated for 
P«0« is 110. On being heated to 440** it is decomposed to red phosphorus 
and phosphorus tetroxide. It turns yellow in the light, which explains 
the fact that phosphorus pentoxide sometimes takes on a yellow color. It 
dissolves slowly in cold water, forming phosphorous acid ; with hot water 
it produces red phosphorus, self-inflammable hydrogen phosphide and 
phosphoric acid in a vigorous reaction. When heated to 50^-60^ in the air 
it takes fire and burns to the pentoxide. 

Fhosphorui Tetroxide, P,04, 

is obtained from the PiOs compound, as was stated above. It forms col- 
orless glistening crystals, that break up in water into phosphorous and 
phosphoric acids. In this respect its conduct is analogous to that of nitro- 
gen tetroxide, which yields nitrous and nitric acids with water. 

PHO8PH0BU8 PENTOXIDE. P,0». 

This compound is the product of the combuBtion of phosphorus 
in oxygen or an excess of dry air. It is a white, voluminous, 
snow-like mass, that takes up water rapidly to form phosphoric 
acid. It is the most powerful desiccating agent known. It exists 
in two modifications, both of which are formed simultaneously in 
the above process. The one is crystalline, subliming at 250°; the 
other amorphous and not volatile below red heat; the vapor con- 
denses crystalline. When heated above 250° the crystalline modi- 
fication passes over into the amorphous. 

Heating with charcoal reduces it to phosphorus. 

The molecular weight of phosphorus pentoxide is not known ; 
the formula P^Oj. is therefore empirical. It is very probable that 
the molecular weight is a multiple of it. 

Acids of Phosphorus. 

146. Only two of the above described oxides of phosphorus, 
viz. P^O, and P^O^ , form corresponding acids; these oxides can unite 
with different amounts of water to form acids. From P^O^ we have : 

P,Oj + H^O = 2nP0j,, metaphosphoric acid, 
PjOj + 2H,0 = II^PjO^ , pyrophosphoric acid, and 
P.Oj + 311,0 =ilin3P0,, orthophosphoric acid. 
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From the other oxide two acids can be derived: metaphos^ 
phorous acid, HPO,, and phosphorous acid, H,PO,. Besides these 
there are two acids of phosphorus, whose anhydrides are unknown, 
viz. hypophosphorous add, H,PO, , and hypophospfioric acid, H^P,0,. 

The relation between orlho-, mcta- and pyrophosphoric acids can be 
shown in another way, which leads us to make some general observations. 
It was remarked in § 141 that phosphorus pentachloride is transformed by 
water into phosphoric and hydrochloric acids. The action of water on the 
pentachloride may ))e regarded as consisting first of a substitution of all 
five chlorine atoms by hydroxyl. 

P | Cl> + 5H | 0H ^ 5HCI + P(OH).. 



This compound, which would strictly be regarded as orthophoephorio 
acid, is unknown; a molecule of water is at once split off, forming the 
ordinary p'hosphoric acid, HtP04 , which we are accustomed to call ortho- 
phosphoric acid. In a similar way the metaphosphoric acid can be 
derived from the acid P(OH)» by the splitting off of two molecules of 
water : 

Oil 0|B 

| 0H yOH [OJ 

PO H — ►OP^OH ; PO |H — * O.P - OH; 

OH ^OH [oh MetaphoaphoHc 

OH Orthophoi- OTi 

pboric acid. 

while the pyrophosphoric acid can be regarded as 2P(0H)i — 8H1O : 

0|H H|0 

JOH H0| /OH yOH 

POH HOP— ♦OP^OH OP^OH' 

OH n O ^^O-^ 

I O H H 1 Pyrophosphoric acid. 

Orthophosphoric acid can also be derived from phosphorus oxy- 
chloride : 



0P | CU -f 3H 10H -♦ OP(OH),. 

This way of looking at them makes plain not only the connection 
between the different acids, but also their structural formulsB. The same 
method can be applied to many other cases. As an example we may 
select the per-iodic acids. In § 62 only one was mentioned. There are 
salts, however, of various per-iodic acids, e.^. MIO4 , MsIOi , MJO« , etc. 
These can be derived from a hypothetical acid I(0H)7 in which iodine is 
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joined to as many hydroxjls as correspond to its maximum valence. MJO« 
would be I(OH)t - IH.O ; M,10. = I(OH)t - 2H,0 ; and MIO4 = I(OH)t 
— 3H,0. 

0BTH0FH08PH0BIC ACID. HtPOi. 

146. This acid can be obtained by direct synthesis from its ele- 
ments; phosphorus burns to the pentoxide and the latter yields 
the acid on dissolving in water. Its formation by the action of 
nitric acid on phosphorus was mentioned in § 134. It can also be 
obtained by the oxidation of compounds containing phosphorus 
and hydrogen; phosphine and the lower acids of phosphorus are 
oxidized to phosphoric acid. 

Ordinarily this acid is prepared by the oxidation of phosphorus 
with nitric acid or by liberating it from its salts, particularly the 
calcium salt, Caj(POJ,. The latter is stirred into the theoretical 
amount of dilute sulphuric acid, forming calcium sulphate, which 
is only slightly soluble in water, and phosphoric acid, which goes 
into solution. On evaporating this solution the acid remains. 

At ordinary temperatures orthophosphoric acid is a crystalline 
solid. It melts at 38. 6°, is odorless and extremely soluble in water, 
forming a strongly acid solution. 

It has the character of a strong acid ; however, it is consider- 
:ably less ionized than hydrochloric acid; a solution of 1 g.-mol. 
phosphoric acid in 10 1. water contains about one-fourth as many 
H ions as hydrochloric acid of the same molecular concentration. 
It is chiefly ionized into H and H^PO/. It generates hydrogen 
with metals, all three hydrogen atoms being replaceable by metallic 
atoms; it is therefore tribasic. Three classes of salts are possible 
and known to exist; these are the primary, secondary and tertiary 
salts. Of the alkali salts all three kinds are soluble; of the alka- 
line earth salts only the primary, the tertiary and secondary being 
insoluble. The other phosphates are insoluble in water but are 
dissolved by mineral acids. 

This latter property is due to the fact that phosphoric acid is 
a weaker acid than the strong mineral acids, hydrochloric, nitric 
and sulphuric. On treating an insoluble phosphate with one of 
these acids, e.g. hydrochloric, undissociated molecules of phos- 
phoric acid are formed in the liquid; the more hydrochloric acid, 
the more the association, since the hydrochloric acid reduces the 
ionization of phosphoric acid. H^PO/ and II ions thus disappear 
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and, in case enough hydrochloric acid is added, the concentration 
of the H,PO/ ions remaining will not be great enough together 
with that of the metal ions present to reach the value of the solu« 
bility product; hence all the phosphate must dissolve (§ 73). 

For the same reason, as a general rule, salts that are ifisoluble 
in water will oiily dissolve in such acids as are stronger than the 
acid of the salt. The only exception to this is when the value of 
the solubility product of the insoluble salt is very small, examples 
of which we have seen in certain sulphides (§ 73). 

When heated to 213° orthophosphoric acid gives off water, 
forming mainly the pyro-acid but also a little meta-acid throughout 
the reaction. The pyro-acid on the other hand is converted by 
farther heating into the meta-acid. 

With silver nitrate orthophosphates give a yellow precipi- 
tate of silver phosphate, AgjPO^ , soluble in nitric acid and am- 
monia. In the case of a primary or secondary phosphate, the 
precipitation is not complete, since nitric acid is liberated in tha 
reaction : 

Na,HPO, -f 3AgN0, = Ag.PO, + 2NaN0, + HNO„ 

or, expressed in ions: 

HPO/' + 3Ag;::Ag,P0, + IL 

If, however, an excess of sodium acetate is added, the precipi- 
tation is practically complete. 

The reason for this is obvious. By the addition of acetate the 
acetic anions C^HjO/ are forced to combine with the It ions, for 
acetic acid is only very slightly ionized and its ionization is moreover 
considerably lessened by the excess of sodium acetate. The result is 
that in the equilibrium HPO/ + 3Ag^Ag,P0^ + li the H ions are 
removed. The inverse reaction 4— is then no longer possible, and 
the reaction — ♦ must therefore become complete, or in other words 
all the phosphoric acid is precipitated as silver phosphate. 

Phosphoric acid is precipitated from an ammoniacal solution 
by a magnesium salt as white crystalline ammonium magnesium 
phosphate, NH^MgPO^ + 6aq. Another very characteristic test 
for phosphoric acid is that in nitric acid solution a finely crystal- 
line, yellow precipitate is produced by ammonium molybdate> 
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especially on warming. This precipitate has approximately the 
composition 14MoO, + (Nnj,PO^ + 4H,0, i.e. it is an ammonium 
phospho-molybdate. Precipitation in acid solution is of great 
advantage here, since most of the phosphates are sohible only in 
acids. 

FTBOFHOSFHOBIC ACId' H^PsOt. 

147. One method of producing this acid was given in the pre- 
ceding paragraph. In preparing it, it is more practicable, however, 
to heat the secondary sodium phosphate (the ordinary sodium 
phosphate of commerce), because in this case only one molecule 
of water can be driven off from two molecules of the salt : 

2Na,HP0, = 11,0 + Na,P,0,. 

After being heated the sodium pyrophosphate is dissolved in water 
and lead acetate is added to precipitate lead pyrophosphate, which 
is then decomposed with hydrogen sulphide. 

Pyrophosphoric acid can be obtained from its solution as a 
colorless vitreous mass by evaporation in a vacuum at a low tem- 
perature. When dissolved in water of ordinary temperature, the 
acid remains unchanged for quite a while; on warming this solu- 
tion, especially after the addition of a little mineral acid, it is 
converted into ortho-acid (§ 145). 

All four hydrogen atoms are replaceable by metals; we should 
therefore expect to find four classes of salts. In reality only two 
are known, M^P,0^ and M^U^PjO^. The neutral, as well as the 
acid, alkali salts are soluble in water; the neutral salts of other 
bases are insoluble, the acid salts chiefly soluble. 

Pyrophosphoric acid is distinguished from the ortho-acid by 
the fact that solutions of its salts give a white precipitate, Ag^P^^O^ , 
with silver nitrate, and from the meta-acid by not coagulating 
white of egg and giving no precipitate with barium chloride. 

METAFH08PH0BIC ACID, HFC,. 

148. This acid is obtained by heating the ortho- or the pyro- 
acid till no more water passes oif, or by heating ammonium phos- 
phate (NHjjHPO^. Moreover, on dissolving phosphorus pentoxide 
in cold water, the product is at first chiefly meta-acid. 

At ordinary temperatures metaphosphoric acid is a vitreous 
solid (hence the name glacial phosphoric acid), which can be 
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melted and easily drawn out into threads. On being heated 
strongly it volatilizes without breaking up into water and pent- 
oxide. When boiled in aqueous solution it goes over into ortho- 
phosphoric acid. It is very deliquescent; use is made of this 
property occasionally. 

Metaphosphoric acid is monobasic, corresponding to the 
formula UPO,. Its alkaline salts only are soluble in water. In 
solution the meta-acid can be distinguished from the ortho-and the 
pyro- by its ability to coagulate white of egg and give white precipi- 
tates with chlorides of barium or calcium. 

There are salts of various acids known, which must be regarded as 
polymers of metaphosphoric acid, e.g. KaPiO«, potassium di-metaphos- 
phate ; there exist also tri-, tetra- and hexa-metaphosphates, i.e. sahs of 
the acids H,P,0» , H4P4O,, , and H.P.O»«. 

Hypophosphorio Aoid, E«F,Ot. 

149. If commercial stick phosphorus is exposed to a slow oxidation in 
moist air in the manner pictured in Fig. 47, so that each stick is supported 




Fio. 47.— Slow Oxidation of Moist Phosphorus. 

in a tube ah by itself (on account of the danger of catching fire) and sev- 
eral such tubes rest on a funnel under a bell-jar standing in a dish of water, 
an' acidic liquid is formed which contains phosphoric, phosphorous and 
bypophosphoric acids. 

The last of the three can be eliminated by neutralizing the liquid with 
soda and evaporating. The almost insoluble acid sodium hypophosphate, 
NaaHaPaO« + 6HaO, is precipitated. If this salt is dissolved in water and 
barium chloride added, a precipitate of barium hypophosphate is formed, 
from which an aqueous solution of the free acid can be obtained by means 
of dilute sulphuric acid. This can be evaporated at 80** to a sirupy con- 
sistency without decomposition and, when left in a vacuum, yields crystals 
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of the acid. At an eleyated temperature and in the presence of a mineral 
«cid phosphorous and phosphoric acids are formed. This behavior justifies 
the consideration of metaphosphorio acid as a mixed anhydride of the two 
last-named acids : 

OH HO OH OH 

OPOH HOP — ► OPOH POH 

|0H H|0 ""^O--^ 

Phosphorio Pbospboroufl Hypophosphorlc 

acid. acid. acid. 

This compound is also formed by the oxidation of phosphorus with the 
«id of copper sulphate solution (§ 184). Its silver salt is obtained by the 
oxidation of phosphorus with nitric acid in the presence of silver nitrate. 

Hypophosphoric acid is tetrabasic, four classes of salts being known. 

Metaphosphoroaa Add, HFOi. 

ISO. This compound was found by tan der Stadt during the slow oxi- 
•dation of phosphine under reduced pressure (§ 137) : 

PH. + O, = Ha 4- HPC 

The sides of the vessel become covered with feather-like crystals of HPOs. 
These melt at a much higher temperature than the crystals of phosphorous 
Acid and are converted into the latter by the action of water vapor. 

PH08PH0B0US ACID, H,PO,. 

151. In § 149 it was mentioned that this acid is formed by the 
slow oxidation of phosphorus in moist air. It is more easily pre- 
pared by decomposing phosphorus trichloride with water : 

PCI, + 3H,0 = H,PO, + 3HC1. 

The hydrochloric acid can be expelled by evaporating at 180° 
and the phosphorous acid crsytallizes out on cooling. Melting- 
point 70.1°. It is very hygroscopic. Heating decomposes it into 
phosphoric acid and phosphine. It has a strong reducing action, 
being itself oxidized to phosphoric acid. The oxygen of the air 
acts on it very slowly. It precipitates the metals from solutions 
of gold chloride, mercuric chloride, silver nitrate, etc. A charac- 
teristic reaction is the reduction of sulphur dioxide to sulphur, 
which takes place at ordinary temperatures, when solutions of the 
two substances are mixed. 

In spite of its three hydrogen atoms, phosphorous acid acts as 
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a dibasic acid. As we have already observed, the ionization of 
polybasic acids sometimes affects only one H ion at first, the others 
being split off with increasing diflBculty. According to Ostwald 
it may be supposed that ionization beyond 2H and HPO," is in 
this case so difficult that the acid seems to be only dibasic. The 
phosphites are not oxidized by the air, but are by the action of 
oxidizing-agents; e.g. they set the precious metals free from their 
salts, as does also the acid itself. Heating breaks them up into 
hydrogen, pyrophosphate and phosphide. The soluble phosphites 
give precipitates with baryta- or lime-water. 

HypopliMphoroiu Add, HiPOt. 

163. Salts of this acid are produced by heating phosphorus with caustic 
soda, lime-water or baryta- water (§ 136): 

3Ba(0H), -f- 8P -I- 6H,0 = 3Ba(H,P0,), 4- 2PH,. 

It can be set free from these salts by sulphuric acid ; the aqueous solution 
is evaporated up to 140** aud then cooled strongly, whereupon the acid 
crystallizes out. Melting-point, 17.4*. On being sufficiently heated it 
yields phosphine and phosphoric acid. 

Hypophosphorous acid is a very strong reducing agent. Gold, silver 
and mercury are precipitated from solutions of their salts by the free acid 
as well as its salts. Sulphur dioxide is reduced to sulphur at ordinary 
temperatures. In these reactions the acid itself is converted into phos- 
phoric acid. It is distinguished from phosphorous acid by its behavior 
towards copper sulphate solution ; when it is warmed with the latter, a 
red precipitate of copper hydride, CuaH*, is formed. Hypophosphoroua 
acid is monobasic. 

Componiidi of Phosphomi and Bulphnr. 

168. Various compounds of this sort are known ; all of them are ob- 
tained by warming the two elements together. As the reaction is very 
vigorous with yellow phosphorus, the red is usually employed. 

The compound VS* , which is of service in organic chemistry, is a 
yellow crystalline substance, melting at 274'-276" and boiling at 518". On 
being warmed with water it yields phosphoric acid and sulphuretted hy- 
drogen. PaS» unites with 3 molecules of KaS to form a sulphophoapfiatey 
KsPS* , i.e. a phosphate whose oxygen is replaced by sulphur. 

Several compounds containing a halogen in addition to phosphorus and 
sulphur are known, e.g. PSCl,. This phosphortis sulphochloride can be 
prepared by treating phosphorus pentachloride with hydrogen sulphide, a 
method analogous to that of forming the oxychloride from the pentachloride> 
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and water. A more convenient method is by the action of the pentachloride 
on the pentasulphide, which carries out the analogy to oxy-compounds 
still farther (§ 142) : 

3PCU + P,S» = 5PSC1.. 

It is a colorless liquid, boiling at 125** ; it is decomposed by water into 
phosphoric acid, hydrochloric acid and hydrogen sulphide. 

Componndf oontainlng Phosphorus and Nitrogen. 
164. The compounds of this class are also numerous. Among them are 

/QU\ OH 

amidophosphoric acid, OPjJj|t , and diamidopkosphoric acidy OP.jt|t . . 

As their names indicate, th6se compounds behave like acids. 

If dry ammonia is conducted over phosphorus pentachloride, a white 
mass is obtained which consists supposedly of ammonium chloride, 
NH4CI, and a compound PCli(NHi)». With water it forms phoaphamide^ 
PO(NH)(NHi), a white insoluble powder. On being boiled with water 
secondary ammonium phosphate is formed : 

PO(NH)(NH0 + 8H,0 = OP^^jj^^^ 

The name phospham is given to a compound PaHsN« , which is formed 
from the product of the action of ammonia on phosphorus pentachloride, 
when it is heated in the absence of air till no more ammonium chloride 
fumes appear. It is insoluble in water. When fused with potassium 
hydrate, it breaks up as follows : 

P.H.N, + 9K0H + »H,0 = 3K,P0« + 6NH.. 

ABSEHIC. 

156. Arsenic occurs in nature in the free state — native. More 
frequently it is found in combination with sulphur {realgar, As^S, , 
and orpiynenty As^S,) and with metals (arsenopyrite^ or mispickel, 
FeAsS, and cobaltite, CoAsS) ; also with oxygen as As^O, {arseno- 
lite). 

The extraction of tlie element from these minerals is simple. 
Arsenopyrite yields arsenic on mere heating, the latter subliming. 
Arsenolite is reduced with carbon : 

As.O, + 6C = 4A8 + 6C0. 

Physical Properties and Allotrojnc Conditions, — The condition 
in which arsenic usually occurs is the crystalline. It then has a 
steel-gray color and a specific gravity of 5.727 at 14° and is a good 
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conductor of electricity. It sublimes under ordinary pressure 
without melting; under increased pressure, however, it melts at 
500**, By sublimation in a current of hydrogen a second crystal- 
lized form can be obtained together with a black modification, 
which according to Retgers is also crystallized. An amorphous 
modification results from the decomposition of hydrogen arsenide 
by heat, the arsenic appearing as a dark brown deposit on the sides 
of the glass. Finally there is a yellow modification which is formed 
when arsenic vapor is strongly cooled. It resembles yellow phos- 
phorus very much, for it is soluble in carbon bisulphide, oxidizes 
quickly in the air with slight luminescence, and smells like garlic. 
It is very volatile and easily transformed into the black modifica- 
tion. At an elevated temperature (360°) all of them pass over 
into the ordinary crystalline form. 

Vapor Density. — The lemon-yellow vapor of arsenic has a 
density of 10.2 (air = 1) at about 860°, which makes the molecular 
weight 293.8. At 1600°-! 700° the vapor density is less by half, 
being 5.40. Since the atomic weight of arsenic is 75, its molecule 
therefore contains four atoms at about 860° and two at 1600°-! 700°. 

Chemical Properties. — Arsenic is not affected by dry air at 
ordinary temperatures; in moist air it becomes covered with a 
coating of oxide. At 180° it bums with a bluish flame to the 
oxide As^O, , giving off a peculiar garlic-like odor. At an elevated 
■temperature it combines with many elements directly; it unites 
with chlorine without the aid of heat, producing scintillations. 

HTDROGEK ARSEITIBE. AB8INE, AbH.. 

166. Direct synthesis from the elements is not possible with 
this compound. It is formed when almost any arsenic compound 
comes in contact with nascent hydrogen (zinc + sulphuric acid). 
When thus prepared it contains a good deal of hydrogen, however. 
Pure arsine is obtained by treating zinc arsenide or sodium 
^arsenide with dilute sulphuric acid : 

A8,Zn, + 3H,S0, = 2A8n, + 3ZnS0,. 

Physical Properties. — Hydrogen arsenide is a gas; it liquefies 
at — 40° but does not solidify as low as — 110°. Sp. g. = 38.9 
(11 = 1). It must be handled with great care, as it is very poison- 
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0118. Fortunately its presence can be easily detected by its peculiar, 
disagreeable odor. 

Chemical Properties. — Arsine can be decomposed into its ele- 
ments by heat. If the gas is passed through a hot glass tube, 
arsenic is deposited on the sides in the form of a metallic mirror. 
Induction sparks also decompose it. By the latter means it can 
be shown that the resulting volume of hydrogen is 1^ times as 
large as that of the gas itself, in accord with the formula AsH,. 
It is an endothermic compound : 

As + 3H - AsH, = - 36.7 Cal. 

It has been made to explode by fulminating mercury (§ 119). 

Hydrogen arsenide bums with a pale flame, yielding water and 
arsenious oxide, As^O,, if sufficient air is present ; if such is not the 
case, or if the flame is cooled, arsenic is deposited. On heating 
potassium or sodium in the gas, an arsenide, AsK, or AsNa,, is 
formed. Hydrogen arsenide precipitates the yellow compound 
A8Ag,«3AgNO, from a very concentrated solution of silver nitrate: 

AsH, + 6AgN0, = AsAg,.3AgN0,. 

This is decomposed by the addition of water into arsenious acid, 
nitric acid and metallic silver, the latter being deposited. 

This reaction is called Gutzeit's test. It is usually made in the follow- 
ing way : A drop of 50^ AgNOs solutiou is placed on a piece of filter paper 
and the moist spot is held over a test-tube containing some zinc, dilute 
sulphuric acid^ and the substance to be tested for arsenic. If arsenic is 
present, the spot becomes yellow, and turns black when moistened with 
water. 

Composition of Arsine. — If arsine is passed over hot copper 
oxide, water and copper arsenide are formed. The ratio of 
hydrogen to arsenic in arsine is determined from this reaction. 
For 1 part (by weight) of hydrogen 24.97 parts of arsenic are 
obtained. The molecular weight of the compound, as found from 
the specific gravity (see above), is 77.9; since the atomic weight of 
arsenic is 75, the formula of arsine must be AsH,. 

Deteetion of Anenio. 

167. The majority of arsenic compounds are very poisonous. Several 
of them are of practical use and hence are on the market, e.g. white arsenic, 
As40« (rat-poison) ; orpiment, As«Si ; Schweinfurt green, or copper 
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arsenite. PoisoDings with these substances happen occasionally. Some 
arsenic compounds, because of their pretty green color, are still used in 
dyeing tapestries, portieres, and the like. Booms in which these are hung 
usually contain particles of arsenical matter, which are injurious to the 
health. Further, a certain species of mould, p^ntct^/mm hrevieaulej which 
is sometimes found in such tapestries, has the power of generating volatile 
and very poisonous arsenic compounds. The chemist is therefore quite 
frequently called upon to analyze a given sample (of dyed materials or the 
like, or the contents of a stomach) for arsenic. For this purpose a method 
lias been devised which enables him to detect with certainty extremely 
small amounts of arsenic. It involves the following operations : The 
organic substance in question is at first disintegrated as well as possible, 
usually by digestion with hydrochloric acid on the water bath, a little 
potassium chlorate being added from time to time. Thus the arsenic com- 




Fio. 48.— Marsh Apparatus. 

pound is oxidized to arsenic acid. When the chlorine has been expelled 
by warming and the liquid has been filtered, hydrogen sulphide is passed 
in for quite a while at a temperature of about 80* to precipitate the arsenic 
as sulphide. The sulphide is then dissolved in nitric acid (in case the 
presence of antimony is suspected, it must first be removed) ; this solution 
is evaporated to dryness to get rid of the excess of acid, the dry residue is 
dissolved in water, and this liquid then tested in the Marsh apparatus, one 
form of which is shown in Fig. 48. 

This consists of a small flask, in which hydrogen is generated from 
zinc and sulphuric acid ; the liquid to be investigated is poured down the 
funnel-tube ; if arsenic is present, arsine is formed. The mixture of 
hydrogen and arsine is dried .by calcium chloride in the wide tube and 
then enters a tube of hard glass, which is narrowed at several places 
and drawn to a point at the furtlier end. As the gas leaves the narrowed 
end, which is bent upward, it is lighted. Thereupon the tube is heated 
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inth a flame on the near side of a narrowed place. The arsine is broken 
up and arsenic is deposited as a bright metallic mirror in the narrowed 
part. From the extent and thickness of the deposit one can estimate the 
number of milligrams of arsenic present. If the hydrogen arsenide is not 
heated, it passes on to the flame and is burned. A cold porcelain dish 
held in the flame is soon coated with a deposit of arsenic, which is readily 
soluble in sodium hypochlorite solution (sodium arsenate being formed). 
This solubility enables us to distinguish arsenic from antimony. 

Arsenic is quite widely distributed, although in small amounts ; hence 
we always have to reckon with the possibility of traces of it being present 
in the reagents and glass utensils of the laboratory. In order to test this 
a '' blind experiment '' is performed, i.e. all the operations are carried out 
with duplicate amounts of the required chemicals but without the addition 
of the substance to be analyzed. Not until the materials used are proven 
to be free from arsenic is it permissible to use them in an actual test. 

Whether or not textile fabrics and the like have been dyed with Schwein- 
furt green (copper arseuite) can be determined easily by the Gutzeit 
test. Another method is to use the above-mentioned penicillium brevi- 
caule. This is cultivated on bread which is soaked with the liquid to be 
tested for arsenic. The least irace of the latter reveals itself by a charac- 
teristic garlic-like odor, caused by the evolution of arsenical gases. 

Compoands of Arsenic with the Halogens. 

158. Only two arsenic-halogen compounds of the type AsX^ are 
known, viz. the penta-iodide, Aslj, e^nd the pentafluoride, A8F5(and 
the latter only in combination with potassium fluoride: KF- AsF^). 
Aside from these only compounds of the type AsX, are known. 

Arsenic trichloride, AsGl, , can be obtained by direct synthesis 
or by the action of hydrochloric acid on white arsenic. The latter 
way is analogous to the formation of metal chlorides from the oxide 
and hydrochloric acid. This compound is a colorless oily liquid 
having a specific gravity of 2.205 (d"J. It freezes at — 18° and 
boils at 130.2°. It is extremely poisonous. When exposed to the 
air it throws off dense white fumes. With a little water it forms 
an oxychloride, As(OH),Cl; with much water hydrochloric acid 
and arsenious oxide. In this latter system a rise of temperature 
results in partial re-formation of the trichloride, which is volatile 
with the water vapor. The following equilibrium seems to exist : 

As,0. + 12IIC1^4A8C1, + 6H,0. 
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Oxygen Compounds of Arsenic. 

Two such compounds are known : As^Oj , arsefiia^is oxide, and 
As^Oj, arsenic oxide. 

ABSEKIOUS OXIDE, As,0,. 

169. Arsenious anhydride (commonly called " arsenic '^ or 
*' white arsenic") is found in nature. It is formed by the com- 
bustion of arsenic in air or oxygen and by the oxidation of arsenic 
with dilute nitric acid. It is manufactured commercially by 
roasting arsenical ores; the oxide volatilizes and is condensed in 
brick-walled chambers, where it collects as a white powder 
(** arsenic meal"). It is refined by sublimation from iron cyl- 
inders. 

Physical Properties, — Arsenious oxide is an odorless solid, that 
under ordinary pressure does not melt, but sublimes. Under 
higher pressure it is possible to melt it. At 800° its vapor density 
is 198 (0 = 16), which makes the molecular formula As^O,. 
Above this temperature dissociation begins and at 1800° the vapor 
density corresponds to the formula As,Oj. By the ebulliscopic 
method (elevation of the boiling-point) the molecular formula has 
been found to be As^O, at 205° also (in boiling nitrobenzene). 

Various Modifications. — Arsenious oxide is known in a vitreous 
form as well as in crystals of the regular and monoclinic systems. 

The vitreotis modifioation is produced when the coiDpound is sublimed 
or heated to the sublimation-point. Sp. g. = 8.738. After standing for 
some time at ordinary temperatures, this form becomes white like porcelnm 
because of conversion into regular crystals. The regular form is better 
obtained by dissolving the vitreous modification in water or hydrochloric 
acid and letting it crystallize out. During the crystallization the strange 
phenomenon of bright luminescence is observed. This luminescence does 
not appear when crystallized arsenious oxide is recrystallized. The trans- 
formation of the amorphous into the regular variety is accompanied by the 
evolution of heat (5.330 Cal.). The monoclinic form is obtained by con- 
ducting the crystallization above 200° instead of at ordinary temperatures. 
If the lower half of a sealed glass tube containing arsenious oxide be 
heated above 400*", it will be found after cooling that the lower heated part 
contains vitreous, the middle monoclinic, and the upper octahedral, arse- 
nious oxide. 

Since the transformation of amorphous into crystallized arsenious oxide 
takes place even at ordinary temperatures (rapidly at 100°) and with the 
evolution of heat, the octahedral form is to be regarded as the stable one. 
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at ordinary temperatares ; tbe glassy form is only able to exist at these 
temperatures, because the velocity of transformation is then very small. 
According to the above, if octahedral arsenions oxide is gradually 
warmed, we have first a transformation into monoclinic and then another 
into amorphous. The transition-temperatures have not yet been deter- 
mined. 

Chemical Properties, — Arsenions oxide is easily reduced to 
arsenic; for example, by heating with charcoal or nascent hydrogen. 
It is also easily oxidized to arsenic oxide and is therefore useful as 
a reducing agent. This oxidation can be brought about by 
chlorine, bromine (bromine- water), iodine solution, potassium 
permanganate, strong nitric acid, etc. It is slightly soluble in 
water; the solution has a salty metallic taste and a weak acid 
reaction. In acids it dissolves much more easily, because it acts 
towards them as a basic oxide. It was stated above (§ 158) that a 
solution of the oxide in hydrocliloric acid gives off arsenions 
chloride. White arsenic is a rank poison; freshly precipitated 
ferric hydrate serves as a counter-irritant. 

ARSENIC OXIDE. (AthO.),. 

160. This compound cannot be prepared like the correspond- 
ing phosphorus compound by burning arsenic in the air, for the 
oxidation goes no farther than to arsenious oxide. The higher 
oxide can only be prepared by heating arsenic acid in the air : 

2H,AsO, - 3H,0 = As,0,. 

Arsenic anhydride is a white glassy substance, that dissolves in 
water slowly, going over into arsenic acid. By heating with 
carbon it is easily reduced to arsenic. At an elevated temperature 
it breaks up into oxygen and arsenious oxide. Its molecular 
weight is not known; the formula As^O^ is simply empirical. 

Ozyaoids of Arsenic. 

Two of these are known: arsenious acid, H,AsOj (only in 
aqueous solution and salts) and arsenic acid, H,AsO^. 

AB8ENI0V8 ACID, H.AtO.. 

161. This acid exists in the aqueous solution of the anhydridoi. 
On evaporation, however, the anhydride and not the acid separates 
out. This acid forms three classes of salts, according as one, two- 
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or three of its hydrogen atoms are replaced by metals; it is there- 
fore tribasic. Certain salts derive themselves from a meta-arsenious 
acid, HAsO,. 

The salts of tlie alkalies are soluble in water; those of the other 
metals are not, but dissolve easily in acids, however. A neutral 
arsenite-solution gives a yellow precipitate of silver arsenite, 
AgjAsO,, with silver nitrate. 

The solution of the free acid is easily oxidized to arsenic acid by iodine 
i(olution : 

H.AsOi + I. + HaO = H,AsO« + 2HI. 

Such a solution cau therefore also be employed for the titration of 
iodine (§98). 

AB8EKIC ACIB, H,Ai0«. 

162. This acid is most easily obtained by the oxidation of a 
solution of arsenious acid by warming it with nitric acid. On 
■concentrating the solution the compound 2Hj AsO^ + H^O separates 
out (below 15°); this substance gives off its water of crystallization 
at 100° and yields orthoarsenic acid, HjAsO^, which crystallizes in 
fine needles. When heated more it gives off water (at 180°) and 
goes over into pyroarsenic acid, H^As^O^, which separates in the 
form of hard glistening crystals. On being heated still higher the 
latter compound gives up another molecule of water, the final 
product being white crystalline meta-arsemc acid, HAsO,. This 
conduct is completely analogous to that of phosphoric acid; how- 
ever, metaphosphoric cannot be converted into the anhydride by 
heat as can arsenic acid (§ 160). The pyro- and meta-arsenic 
acids are stable only in the solid state ; when treated with water 
they are converted into the ortho acid, the transformation being 
much quicker than with the corresponding phosphorus acids. 

Orthoarsenic acid is easily soluble in water. Its salts, the 
arsenates, exist in three classes; of the tertiary only those of the 
alkalies are soluble in water. The reactions of arsenic acid are 
very similar to those of phosphoric acid (§ 146) ; in this case also 
a mixture of ammonia, ammonium chloride and magnesium sul- 
phate {7)iag7iesia mixture) precipitates a white crystalline ammonium 
magnesium salt, Mg(NH J AsO^ -f 6H,0, Ammonium molybdate 
produces a yellow finely crystalline precipitate, whose composition 
and appearance correspond to those of the phosphorus compound. 
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Tho precipitates formed with silver nitrate are, however, unlike in 
color: AgjPO^ is yellow, Ag,AsO^ reddish brown. 

Sulphur Compounds qf Arsenic. 

163. Three are known: arsenic disulphide {realgar) y A8,S,; 
arsenic trisulphide (orpimefit), As^S^; arsenic pentasulphide, As^Sj. 

Anenio difalphide, AfaSa, 
occurs in nature as realgar (§155). It forms beautiful ruby-red crystals 
of a specific gravity of 3.5. It is used as a pigment. It is manufactured 
artificially by fusing sulphur and arsenic together ; the resulting products 
vary in composition, however. 

ARSENIC TBISULPHIDE, AtaSt. 

Arsenic is precipitated from the acid solution of arsenions oxide 
by sulphuretted hydrogen as sulphide; in this respect too it 
behaves as a heavy metal. In the above reaction arsenic trisulphide 
is deposited as an amorphous yellow powder. The latter occurs 
in nature as orpiment (§ 155), having a laminated crystalline struc- 
ture; it owes its name to its beautiful golden lustre. By fusing 
artificial arsenic trisulphide a product is obtained, which is very 
similar to the natural orpiment, but has a lower specific gravity 
(2.7 instead of 3.4). Commercially the trisulphide is prepared by 
fusing white arsenic with sulphur; the product still contains the 
oxide, however, and is therefore poisonous. Arsenic trisulphide 
is insoluble in water and in acids. 

AB8EHIC PEHTA8ULPHIDE, Af.8». 

After sulphuretted hydrogen has been led into a warm acidu- 
lated solution of arsenic acid for some time, arsenic is precipitated 
as an amorphous yellow powder of the composition As^S^. The 
latter is also obtained by fusing arsenic trisulphide with the 
required amount of sulphur. In the absence of air it can be sub- 
limed without decomposition. It is insoluble in water and in 

alkalies. 

8VLPH0-8ALT8 07 AB8EHIG. 

164. The trisulphide and the pentasulphide of arsenic dissolve 
easily in alkali sulphides, forming salts of sulpho-acids : 

As,S, + 3K,S = 2K,AsS, 

Pot. sulpbo- 
arson ite. 

ASjSj + 3K,S = 2K,A8S,. 

Pot. 8iiIpho- 
arsenate. 
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The formation of these sulpho-salts can be regarded as parallel 
to that of an oxy-salt from a basic oxide and an acid anhydride^ 
e.g. : 

BaO + SO, = BaSO,. 

The trisulphide and the pentasulphide are therefore to be consid- 
ered as sulpho-anhydrides of those sulpho-acids. 

The sulpho-arsenates can also be obtained from arsenic trisul- 
phide with the aid of an alkali polysulphide : 

As,S, + K,S, = 2KAsS,. 

Pot. Bulpho« 
meta^arseuate. 

This reaction can be explained by supposing that the arsenic 
trisulphide is converted into the pentasulphide by the excess of 
sulphur, just as the trioxide is oxidized to the pentoxide. 

They are also produced by treating an arsenate with hydrogen 
sulphide : 

K,AsO, + 4H,S = K.AsS, + 4H,0. 

The sulpho-arsenites and sulpho-arsenates of the alkalies dis- 
solve easily in water and can be obtained in the crystalline form 
from the solution ; those of the other metals are insoluble. The 
free sulpho-acids are unknown. On the addition of an acid to the 
solution of a sulpho-salt, the liberated sulpho-acid breaks up into 
hydrogen sulphide and arsenic tri- or pentasulphide. 

ANTIMONY. 

166. Antimony occurs in nature in stibnite, Sb,S,, as well as 
in many less common minerals. Stibnite was known to the 
ancients. In Japan it is found in magnificent large crystals. 
Antimony was frequently employed by the alchemists. Basilius 
Valentinus at the beginning of the seventeenth century described 
its extraction from stibnite in a monograph entitled **The tri- 
umphal car of Antimoniiim." 

The element is at present obtained from stibnite by two 
processes. In one the mineral is roasted, being thus transformed 
into antimonious oxide. This oxide is then reduced with charcoal 
to metallic antimony: 

I. 2Sb,S, + 90, = 2Sb,0, + 6S0,; 
II. 2Sb,0, -I- 3C = 4Sb + 3C0,. 
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The other method is to fuse the mineral with iron: 
Sb,S, + 3Fe = 2Sb + 3FeS. 

This crude antimony usually still contains arsenic, lead, sul- 
phur, etc. It can be refined by fusing with a little saltpetre, the 
impurities being oxidized. 

Physical Properties. — Antimony is silvery white and has a 
high metallic lustre and a laminate-crystalline structure (rhombo- 
hedral) ; as a result of the latter it is very brittle and can be easily 
pulverized. Sp. g. = 6.71-6.86. Melting-point 432°; boiling- 
point 1450°. Mensching and V. Meyer succeeded in determin- 
ing the vapor density at 1437°, i.e. slightly below the boiling-point, 
and found that the molecule, unlike that of phosphorus or 
arsenic, consists of less than four atoms. 

Chemical Properties. — At ordinary temperatures the element is 
not affected by the air; when heated, it burns with a bluish-white 
flame to the trioxide. It combines with the halogens directly, 
producing scintillations (§ 27). It is dissolved by hydrochloric 
acid, although very slowly, with the evolution of hydrogen, thus 
asserting its metallic character. Aqua regia dissolves it readily. 

Uses. — Antimony is a constituent of various alloys. The most 
important of these is type-metal, from which printer's type is 
made. It contains lead (50;^), antimony (25^) and tin (25^). 
The composition is often different from this, however. 

HTDXOO^ AHTIMONID£, 8TIBIHE, 8bH.. 

166. Stibine is formed when nascent hydrogen acts on a solu- 
ble antimony compound. It is best prepared by treating an alloy 
of zinc and antimony with dilute hydrochloric acid. This method, 
like all others, yields a product containing a large admixture of 
hydrogen. If this gas mixture is passed through a XJ-tube and 
the whole is plunged in liquid air, stibine condenses to a white 
solid mass, that soon melts after the tube is removed from the 
liquid air. It vaporizes to a relatively stable gas. The least trace 
of oxygen, however, causes some antimony to be deposited. 

If an electric spark is passed through stibine gas it explodes, 
antimony is set free and the volume of hydrogen liberated is found, 
in accord with the formula SbH,, to be 1^ times that of the 
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Btibine. It is also decomposed easily by heating the vessel con- 
taining it with a Bunsen burner. 

Stibine has a characteristic musty odor, quite unlike that of 
phosphine or arsine. 

When the mixture of hydrogen and stibine evolved from zinc- 
antimony is heated, as in the Marsh experiment (§ 157), it pro- 
duces a metallic mirror and, when ignited, the flame gives a spot 
on cold porcelain analogous to that of arsenic. This metallic 
coating is distinguished from that of arsenic by a darker color, 
insolubility in hypochlorite solution and less volatility when heated 
in a current of hydrogen. Stibine precipitates a black powder 
from silver solution, consisting of a mixture of silver and silver 
antimonide, Ag,Sb. 

Halogen Compounds of Antimony. 

167. Two compounds of this element with chlorine are known : 
SbCl, and SbCl,. 

Antimony trichloride, SbCl,, is obtained by treating antimony 
sulphide or oxide with concentrated hydrochloric acid. It forms 
a colorless laminar-crystalline mass, which is so soft that it wa& 
formerly known as "antimony butter *' {butt/rum aniimonii). Its 
melting-point is 73.5° and its boiling-point 223.5°; its vapor 
density 7.8 (air = 1) makes the formula SbCl,. 

It dissolves in water containing hydrochloric acid. Water 
decomposes it, forming oxychlorides. The composition of the 
oxychloride depends on the amount and the temperature of the 
water used in the decomposition. If 1 part by weight of trichlo- 
ride is mixed with 1.7 parts of water, a precipitate is formed, that 
becomes crystalline in the course of time and has the composition 
SbOCl. If 5-50 parts of water at ordinary temperature are used 
to 1 part of trichloride, the oxychloride Sb.O^Cl, (= 2SbOCl, 
Sb,0,) is obtained, which gradually becomes crystalline on stand- 
ing. The precipitates on being repeatedly boiled with water lose 
all their chlorine in the end and go over into the trioxide, Sb,0,. 

These precipitates of oxychlorides, produced by water, are 
called powder of Algaroih and were once used as medicine. 

Antimony pentachloride, SbCl^, is prepared by heating anti- 
mony in a current of chlorine or treating fused trichloride with 
chlorine. It is a yellow, fuming, ill-smelling liquid, whieh 
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crystallizes at — 6°, When heated it dissociates into SbCl, 
and CI,. It unites with water, forming SbClj • H,0 and SbClj • 4H,0. 
Hot water decomposes it into hydrochloric and pyroantimonic 
acids. 

Oxygen Compoimds of Antimony. 

168. Three are known: antimony trioxide, Sb,0,, antimony 
tetroxide, Sb,0^, and antimony pentoxide, Sbfi^. 

Antimony trioxide occnrs as a mineral, senarmontite. It can 
be obtained by burning antimony in the air, as well as by the 
oxidation of antimony with dilute nitric acid. Ifc is dimorphic, 
occurring in both regular and rhombic crystals. 

It is a light yellow crystalline powder, almost insoluble in 
water. It volatilizes at 1560°; the vapor density at this tempera- 
ture corresponds to the formula Sb^O,. It is insoluble in Eulphuric 
and nitric acids but easily soluble in hydrochloric and tartaric acids 
and in alkalies. On being heated in the air it turns to tho 
tetroxide. 

The corresponding hydroxide is Sb(OH)j. This hydrate sep- 
arates out when tartar emetic (see below) is decomposed with dilute 
sulphuric acid. It gives up one molecule of water readily and 
passes over into the hydrate SbO-OH, meta-antimonious acid. 
The latter is more easily obtained by treating a solution of the tri- 
chloride with soda solution : 

2SbCl, + 3Na,C03 + H,0 = 2SbO.On + 6NaCl + 3C0,. 

It appears as a white precipitate, which is converted into 
antimonic oxide by boiling with water. This meta-antimonious 
acid is dissolved by alkalies, forming salts of the acid. One of 
them which has been obtained crystallized is the sodium meta- 
antimonite, NaSbO, 4- 311^0. The latter is difficultly soluble in 
water, and decomposes on concentration of its solution. 

On the other hand antimony hydroxide displays basic properties 
by uniting with acids to form salts. There are salts known of 
Sb(OU),, as well as of SbO-OH. Examples of the former kind 
are the crystallized antimony sulphate, Sb,(SOJ,, and the nitrate, 
Sb(NO,),. As is the case with other trivalent metals, double salts 
are known, e.g. KSb(SOJ,. As to the salts derived from SbO-OlI, 
we may look at the group SbO as taking the place of a univalent 
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metal. Thus SbO • OH may be compared with KOH. For this 
reason the group (SbO) has been given the name antimonyl; one 
of its salts is antimonyl sulphate, (SbO),SO^. The most familiar 
antimonyl compound is tartar emetic, potassium antimonyl tar- 
trate^ 

(SbO)^*HA + iH,0. 

which is employed in medicine. It is prepared by boiling acid 
potassium tartrate (cream of tartar) with antimony oxide and 
water; tartar emetic is readily soluble in water. 

AHTIMOHT PEHTOXIDE AND ANTIMOKIC ACID. 

Antimonic acid, H,SbO^, is obtained by warming antimony 
with concentrated nitric acid and also by decomposing the penta- 
chloride with water. It is a white powder, almost insoluble in 
water and nitric acid; nevertheless when moist it turns litmus 
paper red. On heating saltpetre with powdered antimony the 
potassium salt of meta-antimonic add, KSbO,, is formed in an 
explosive reaction. When this is boiled with water it dissolves, 
producing monopotassium orthoantimoniate, KH,SbO^; on fusing 
with potash potassium pyroantimoniate, K^Sb,0, , is formed, which 
dissolves in water to 2K0H and K,H,Sb,0^ + 6H,0. In the case 
of antimony, as in that of phosphorus, we meet with three kinds 
of acids belonging to the highesfc stage of oxidation; their formulsB 
correspond to those of the analogous pliosn horns compounds. 

Antimony pentozide, Sb^O^ (molecular weight unknown), can 
be obtained by heating antimonic acid at 300°. It is a yellow 
amorphous powder, soluble in hydrochloric acid. If heated 
strongly it gives up part of its oxygen and goes over into antimony 
tetrozide, Sb,0^ , a white powder that turns yellow on heating but 
resumes its original color on cooling. This tetroxide can be 
regarded as antimonyl meta-antimoniate, SbO, -SbO. 

Sulphur Compounds of Antimony. 

169. Antimony trisuiphide, Sb,S,, is found in nature (§ 165). 
It can be made by leading liydrogen sulphide into a hydrochloric 
acid solution of the trichloride, from which it is deposited as an 
amorphous red powder. It can be melted; on cooling it crystal- 
lizes and takes on the appearance of stibnite. 
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An oxygen compound, SIhS«0, occurs in nature as kermesite, or red 
4iniimony, A compound of supposedly the same composition is obtained 
by warming a solution of the trichloride with sodium thiosulphate ; the 
preparation thus obtained bears the name kermes in pharmacy and anti- 
mony vermilion as a pigment. 

Antimony pentasnlphide, Sb^S^, is precipitated when hydrogen 
sulphide is passed into the acidified solution of antimonic acid. 
It is more easily obtained by the decomposition of sodium sulph- 
antimoniate with dilute sulphuric acid. It forms an amorphous 
orange-red powder, which splits up into sulphur and trisulphide 
on being heated strongly. It is insoluble in dilute acids; boiling- 
hot concentrated hydrochloric acid dissolves it, forming antimony 
trichloride, hydrogen sulphide and sulphur. In aqueous solutions 
of alkalies and their sulphides it dissolves easily with the formation 
of sulphantimoniate, M,SbS^. The best known of these is sodium 
sulphantirnoniate, Na,SbS^ -f 9H,0 ("Schlippe's salt"). It can 
be obtained by boiling antimony trisulphide with sulphur and 
caustic soda solution. It crystallizes in large colorless tetrahedrons, 
is easily soluble in water (1 part by weight in 2.9 parts water at 
15°) and reacts alkaline. It is decomposed by acids, depositing 
pentasulphide ; even carbonic acid causes this, hence the crystals 
become covered with a yellowish -red coating of pentasulphide after 
having stood some time in the air. The free sulphantimonic acid 
is not known. 

BISMUTH. 

170. This element belongs undoubtedly among the metals, so 
far as its physical character is concerned; its chemical properties 
also class it with them in almost every respect, inasmuch as its 
oxides are mainly basic in their behavior. 

It is found chiefly in the native state; but a telluride, Bi,Te,, 
tetradymitBy and a sulphide, Bi,S,, bismuth glance, also occur in 
nature. Bismuth is obtained from the latter by roasting to the 
oxide Bi,0, and reducing with charcoal. The native metal is 
usually very pure. If refining is necessary, the fused metal is 
allowed to flow over a hot, somewhat inclined iron plate, so that 
the impurities are oxidized. The amount of bismuth in nature is 
not very great. 

Physical Properties. — Bismuth is externally very similar to 
antimony; it is crystallized and very brittle and has a metallic 
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lustre, but differs from antimony in having a reddieli-white colon 
Sp. g. = 9.823. It melts at 286.3° and boils above 1090^ It can 
be distilled in a current of hydrogen. 

Cliemical Properties. — At ordinary temperatures bismuth is 
unaffected by the air. On being heated it turns to the trioxide. 
It combines with the halogens directly. It is not attacked by 
hydrochloric or sulphuric acid at ordinary temperatures, but nitric 
acid dissolves it readily to form the nitrate. On being heated with 
sulphuric acid, it gives off sulphurous oxide and forms the sul- 
phate. No hydrogen compound of bismuth is known. 

Bismuth is employed in the manufacture of easily fusible alloys 
such as are used in making casts of woodcuts, stereotypes, etc. 
The most common of these alloys are Newton's metal (8 bismuth^ 
5 lead, 3 tin; melting-point 94. 5°), Rose's metal (2 bismuth, 

1 lead, 1 tin; melting-point 93.75) and Wood's metal (4 bismuth, 

2 lead, 1 tin, 1 cadmium; melting-point 60.5°). 

Halogen Compounds. 

171. Compounds of the type BiX, only are known. Bismuth 
chloride, BiCl,, is formed by direct synthesis from the elements 
but more easily by dissolving bismuth in aqua regia. It is white 
and crystallized. Its melting-point is between 225° and 230° and 
its boiling-point at 435°. Ite vapor density, 11.35 (air = 1), gives 
it the formula BiCl,. If dissolved in a little water it forms a 
sirupy liquid; an excess of water gives bismuth ozychloride, BiOCl, 
and hydrochloric acid. This oxychloride is a white powder, in- 
soluble in water but soluble in acids. 

Oxygen Compounds. 

172. Four oxides are known: BiO, Bi,0,, BiO, and BijO^. 

BlBmuthoiiB oxide, BiO, is obtained by adding an alkaline stannous chlo- 
ride solution to a solution of bismuth chloride. It is deposited as a dark- 
brown precipitate of BiO. Wlien heated in the air it smolders like tinder. 
It is doubtful whether this precipitate is a homogeneous substance. 

Bismuth trioxide, Bi^O, , is the most familiar oxide of this ele- 
ment. It has strictly basic properties. In order to prepare it we 
can heat the nitrate or carbonate or we can precipitate the 
hydroxide from the solution of a bismuth salt by means of a base 
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and heat the precipitate. If a boiling solution of a bismuth salt 
is treated with caustic potash, the trioxide separates out in glisten- 
ing needles of microscopic dimensions. Like the corresponding 
oxides of arsenic and antimony, it is dimorphic. 

Bismuth dioxide, BiOi , has been little studied ; it is a reddish-yellow 
powder. 

Bismuth pentozide, BisO» , is obtained by heating bismuth acid (§ 178) to 
130*. It is a brown powder, that is very unstable and gives up oxygen 
when heated or when warmed with sulphuric acid. It does not form the 
corresponding pentachloride, BiCli , with hydrochloric acid, but gives free 
chlorine and the trichloride. 

Hydroxides and Salts. 

173. Bismuth hydroxide, Bi(OH),, is obtained by precipitating 
a bismuth salt with an alkali. It is an amorphous white powder, 
insoluble in potassium hydrate or ammonia. At 100° it goes Over 
into the compound BiO • OH with the loss of a molecule of water. 
Both of these hydroxides are wholly basic in character. The salts 
derived from Bi(OH), are called neutral, those from BiO -OH 
basic. 

The neutral nitrate,B\(NO^)^, is obtained by dissolving bismuth 
in nitric acid. It crystallizes with five molecules of water in large 
translucent triclinic prisms. It is deliquescent. The addition of 
much water converts it to the bcisic filtrate. A great excess of 
water produces BiO • NO, + BiO • OH, bismuth subnitrate, which 
is used in medicine. 

Bismuth sulphate, Bi,(SOJ,, is obtained as an amorphous white 
substance when the metal is heated with concentrated sulphuric 
acid. With water it forms a basic sulphate Bi,(OH)^SO^. 

The potassium salt of biimnthlo acid, KBiOa , is obtained when an 
almost boiling-hot solution of potassium hydrate (sp. g. 1.48) and potassium 
chloride, in which bismuth trioxide is suspended, is electrolyzed. A dark 
red deposit separates out on the sides of the platinum dish (anode), having 
the aboTC composition. By boiling it for a very short time with concen- 
trated nitric acid, the s<iarlet bismuthic acid is produced. At 100''-120*' 
the acid loses its hydrate water and the color turns from red to brown and 
finally to black, oxygen being gradually given off. If heated higher care- 
fully, the entire mass turns deep brick-red suddenly at about 800«. This 
is an allotropic modification of the ordinary trioxide, Biid. BitO« (i.e. 
2BiOfl) can be considered as a basic bismuth salt of this acid ; BiO*BiOt. 
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Sulphur Compound*. 

174. Bismuth trisulphide is found in nature (§ 170); artificially 
it can be prepared by heating bismuth with sulphnr or by leading 
hydrogen sulphide into the aqueous solution of a bismuth salt. 
In the latter case it comes down as an amorphous black powder^ 
that is easily soluble in warm dilute nitric acid. It is insoluble in 
alkalies and their sulphides, hence forms no sulpho-salts. When 
heated with an alkali sulphide solution to 200"" it takes on a 
crystalline form similar to that of the natural mineral. 

There is also a compound BiaSi. It is obtained in gray needle-like 
crystals by fusing the elements together in the ratio of their atomic 
weights and suddenly cooling. 

8VMMAEY OF THE VITBOGEir GBOVP. 

175. Like the halogens and the elements of the oxygen group, 
the elements just discussed, viz. nitrogen, phosphorus, arsenic, 
antimony and bismuth, also form a natural group. Their famOy 
relation shows itself even in the formula-types of their compounds. 
The hydrogen compounds have the type RH, (lacking with bis- 
muth), the halogen compounds RX, and RX, (the latter also lack- 
ing with bismuth), the oxygen compounds R,0, and R,0,. In 
other words the elements of this group are trivalent or pentivalent. 
We find here, just as in the groups previously studied, that, as the 
atomic weight increases, a gradual change occurs in the physical 
properties, as the following small table shows: 



Atomic weight. . . 
Spec, grayity... . 
(Water = 1) 

Melting-point 

Boiling-point.. . . 
Color 



N. 



14.04 
0.885 
liquid 



P. 



- 194.4* 

colorless i yellow or red 



81.0 
1.8-2.1 

4-44.4'' , 
-f 278* 



As. 



75 
4.7-5.7 

ca.600* 



gray 



Sb. 



120 
6.7 



Bl. 



08.5 
9.8 



+ 430* -fS 

at white heat 
white I pink 



In the chemical properties, also, regular yariations are to be 
observed, all of which can be summed up in the general statement 
that the metalloid character approaches the metallic as the atomic 
weight increases. Nitrogen forms either indifferent or acid-form- 
ing oxides only; so does phosphorus; arsenic, on the contrary. 



Digitized by VjOOQ IC 



CARBON. 229 

displays a yery weak basic character in arsenious oxide, since this 
oxide forms the trichloride with hydrochloric acid, the trichloride 
reacting inversely with water, however, and breaking up into 
hydrochloric acid and arsenious oxide. In antimony trioxide this 
basic character is a little stronger; some salts and double salts of 
it with acids are known. The corresponding chloride does not 
suffer an immediate hydrolytic dissociation with water, but oxy- 
chlorides are formed, which require a great deal of water to convert 
them entirely to the trioxide. While the highest oxides of arsenic 
and antimony have strictly acid properties, with bismuth the acidic 
nature has practically disappeared; the oxide Bi^O, has exclusively 
basic properties and Bi^O^ acts like a peroxide, giving off oxygen 
readily (it yields chlorine with hydrochloric acid) and going over 
into Bi,0,. BiCl, gives BiOCl with water and, this is not decom- 
posed by an excess of water. 

In the hydrogen compounds, too, the gradual change of the 
properties is very plain. Consider the stability: NH, requires very 
great heat to decompose it; PII, and AsH, a much lower tempera- 
ture; SbHj is unstable at ordinary temperatures when it comes in 
contact with oxygen, and the hydrogen compound of bismuth is so 
unstable that the conditions for its formation and existence have 
not yet been able to be ascertained. A similar change is noticeable 
in their ability to form XH^ ions in aqueous solutions; it is strong 
in NH,, much weaker in PII, and wholly absent with arsenic and 
antimony. 

In the sulphur compounds a progressive change of color is 
observed. P^S^ is bright yellow, As^S^ deep yellow, Sb^S^ red and 
BijSj black. The three first named are sulpho-anhydrides of 
sulpho-acids (§ 164) ; bismuth sulphide, however, is not, thus dis- 
playing again the more basic nature of bismuth. 

CAEBOH. 

176. Carbon occurs in nature both free and combined. In 
combination it is found in large quantities in the salts of carbonic 
acid, above all in calcium carbonate, limestone^ which sometimes 
forms great mountains. Farther, carbon is one of the elements 
of which animals and plants are composed. In these it is found 
in numerous compounds. Still larger is the number of artificially 
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prepared carbon compounds. The compounds of- carbon exceed 
in number all other compounds together. For this reason and 
because of the peculiarities of the carbon compounds it is customary 
to treat them by themselves, as "organic chemistry." However, 
that we may be able io obtain a general survey of the elements, it 
is deemed advisable to discuss certain compounds of carbon in 
inorganic chemistry as well. 

Allotropic Forms of Carbon. 

We know of three: diamond^ graphite and amorphous carbon, 
(a) Diamond. — Lavoisier proved that this mineral consists of 
carbon. 

As early as tho seventeenth century Anselhus de Boot and Newton 
suspected that the diamond must be capable of burning because of its 
strong refractive power ; not, however, until the year 1694 were experiments 
on this point undertaken. At the instigation of Cosmos IlL, Grand Duke 
of Tuscany, Avbrani and Targioni, members of the Academia del Cimento 
at Florence, then discovered that a diamond would bum in the focus of a 
concave mirror. Subsequently FRANgois Etienne de Lorraine found that 
it also burns in a blacksmith^s forge. As the diamond was then almost 
universally regarded as a very pure sort of quartz, these observations were 
little heeded. In the years 1766-1772, however, experiments were again 
instituted with wonderful care and precision by numerous French scholars 
in co-operation (among them d'Arget, Rouelle, Cadet, Magquer and 
Lavoisier), to whom the leading Parisian jewelers at first furnished dia- 
monds without cost. Their investigations revealed that diamond when 
heated away from air remains unchanged, but burns on the admission of 
air. Later Lavoisier showed that carbon dioxide is formed from this 
combustion, and in 1814 Davy proved that, when diamond burns, nothing 
else than this gas is formed, so that diamond must be pure carbon. Fur- 
ther, it was found by Krause in 1890 that, when the carbon dioxide given 
off by the combustion of diamond is absorbed by caustic soda, a soda is 
produced which is in every respect identical with ordinary soda. Finally 
it has been possible to manufacture diamonds from amorphous carbon (see 
below). 

The diamond crystallizes regular. Usually it is colorless, but 
yellow and black diamonds are also known; the black ones are 
called carbonado. The specific gravity of diamond is 3.50-3.55. 
It is a poor conductor of heat and electricity. The refractive 
index is very high: n = 2.42. The diamond is so hard that it 
scratches all other minerals. If diamond is subjected to a very 
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high temperature in the absence of air, it gradually turns to 
graphite. It resists the action of the strongest oxidizing agents, 
e.g. a mixture of nitric acid and potassium chlorate. 

In 1893 MoissAN succeeded in making diamonds artificially, 
although they were very small, the largest being about 0.5 mm. in 
diameter. His method consists essentially in dissolving carbon 
in molten iron at a high temperature and then letting it crystal- 
lize out under high pressure. If this pressure is not applied, 
the carbon crystallizes in the form of graphite. The higher the 
temperature of the molten iron, the more carbon it is able to dis- 
solve. MoissAN observed this for temperatures between 1100° 
and 3000°. 

The process by which the artificial preparation of the diamond 
was carried out by Moissan is as follows: Iron is brought in 
contact with pure carbon (sugar charcoal) in the electric furnace 




Fig. 49.— Artificial Diamonds (Magnip.). 

at a high temperature. After the iron has become saturated with 
carbon, the fused mass is suddenly cooled by pouring it into a hole 
drilled in a copper block, which is kept cold by water, and at once 
covering the cavity with an iron stopper. Thus a crust of solid iron 
forms on the outside of the molten mass and, since carbonaceous 
iron expands on solidifying, the inner portion will attempt to 
expand as it cools and thus generate an enormous internal pressure. 
When the iron is all cold, it is dissolved away by acids, leaving 
the carbon which did not combine with the iron. This residual 
carbon consists partly of small diamonds, which are identical 
with the natural diamond in hardness, crystal form, etc. Fig. 
49 presents an enlarged view of some artificial specimens; they 
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display the same properties as the rough natural diamonds, par- 
ticularly the rounded edges and angles and the striations. 

The electric furnace that Moissan used for these and numerous other 
experiments is very simple in construction. It consists of two blocks of 
unslaked lime that fit tightly together. In the lower block there is a 




Fig. 50.— Moissans Elbctric Kuunace (Cross-section). 

trough in which the carbon terminals are laid. The upper block is slightly 
hollowed out on its lower side so as to reflect the heat rays on to the cru- 
cible. Fig. 50 shows a cross-section of an electric furnace, f'ig. 51 a 
picture of the snme apparatus in operation. 




Fig. 51.— Moissan 's Electric Furnace in Operation. 

The temperatures obtained in the electric furnace are as follows: 
Current of 80 amperes and 55 volts with a steam-engine of 4 H.P., 2250" 

a a iQO t» t* 45 u a ti u a u g n gSOO** 

u a 450 a a 70 ** «* »« " «« •« 50 ** 3000^ 

The last-named temperature can however only be maintained for a 
brief period, as the unslaked lime soon melts and flows like water. At 
2500"^ the lime becomes crystalline in structure after a few minutes. 
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{h) Graphite is also crystallized carbon. Unlike diamond^ it is 
very soft and opaque and a good conductor of heat and electricity. 
Sp. g. = 2.09-2.23. As was stated above, graphite can be pre- 
pared artificially by the crystallization of carbon from molten iron 
and by heating diamond strongly. There are various kinds of 
graphite. If graphite is treated with a mixture of perfectly dry 
potassium chlorate and very concentrated nitric acid, it turns to a 
yellow crystallized substance containing hydrogen and oxygen in 
addition to carbon and called graphitic acid. This substance is 
peculiar in that it decomposes explosively on heating and yields a 
large volume of extremely fine amorphous carbon. Graphite is 
used in the manufacture of lead pencils, crucibles, polishes, etc. 

(c) Amorphous Carbon. —This is obtained in the purest state 
by charring sugar. The resulting mass is boiled with acids to 
remove the mineral matter and finally heated red-hot in a current 
of chlorine for quite a while to remove all the hydrogen. It can 
also be prepared from soot. Amorphous carbon is opaque, black 
and infusible. At the highest temperature that Moissan could 
reach with his furnace by employing a current of 2000 amperes 
and 80 volts (obtained with a 300 horse-power engine) it was barely 
possible to make carbon sublime. The sublimate was graphite. 
Amorphous carbon has a specific gravity of 1.5-2.3. 

Various sorts of amorphous carbon are known. They are 
probably different allotropic modifications, or mixtures of such. 
Oas carbon and coke are obtained as residues in the dry distilla- 
tion of coal. They conduct heat and electricity. Wood charcoal 
is very porous and can condense large quantities of gases in its 
pores, e.g. 90 times its own volume of ammonia. When warmed 
or when the pressure is reduced, these gases all escape again. 
Bone-black is obtained by heating bones away from air; the result- 
ing black mass is treated with hydrochloric acid to remove the 
phosphates and carbonates present. It has the power of absorbing 
coloring-matter and certain salts, e.g. lead salts, from liquids. 
The charcoal obtained from the dry distillation of sugar is noted 
for its peculiar lustre. These different sorts of charcoal do not 
consist of pure carbon but contain other substances in small pro- 
portions. It is a general rule that carbon conducts heat and elec- 
tricity better the longer it has been exposed to a high temperature. 

177. The various kinds of carbon all find their respective uses. 8oot^ 
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or lamp-hlack, serves for the preparation of India ink and black paint. 
Qas carbon (coke)^ being a good conductor of electricity, is used in the 
clectrieul industry. Wood diarcoal is used in the manufacture of gun- 
powder ; animal charcwdy or hone-blacky as a water- filter to remove color- 
ing matter, ill-smelling gases or injurious salts (lead salts) from drinking- 
water ; it is also employed in enormous quantities in sugar-refineries to 
decolorize sugar liquids. 

By far the most important use of carbon is as a fuel. The beat 
generated by the burning of coal warms our houses, drives our steam- 
engines, etc. 

The principal kinds used as fuels are diarcoal, coke, anthracite ooal^ 
bituminous coal, broum coal (lignite) and peat. 

Charcoal (wood charcoal) is made on a large scale by the colliers. 
Long sticks of wood are piled in a large heap, covered with sod and ignited 
at the bottom. The wood smolders away slowly and becomes completely 
charred. This *^ charcoal-pit" process is not at all economical, inasmuch 
as all the volatile products are lost ; nevertheless it is carried on exten- 
sively (Fig. 52). 

Coke is the residue in the retorts of the gas-factories after the coal has 
been deprived of its volatile products by heating. 

Peat and the various coals owe their origin to the same geological 
process, the slow decay of plant-remains in the absence of air. Peat is 
the youngest formation and anthracite coal the oldest. During this transi- 
tion carbon dioxide and methane, CH4 , are given off and the remainder 
becomes richer in carbon and poorer in hydrogen and oxygen than the 
corresponding chief constituent of plant-tissues, cellulose. The following 
table shows this : 





Carbon. 


HydroKen. 


Oxygen. 


Cellulose 


60.0^ 

60.0 

67.0 

85.8 

94.0 


6.9 
5.8 
5.8 
8.4 


44.0^ 


Pe^t 


84.1 


Brown coal 

Cannel coal 

Anthracite coal 


27.3 
8.8 
2.6 







The plants of which these formations originally consisted are different. 
Peat appears from its structure to have come chiefly from swampy growths, 
mosses and the like; mineral coal from extinct plants, gigantic horse-tails 
(equiseta), lepidodendra and sigillariae. 
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Kolecnlar and Atomic Weight of Carbon. — Chemical Properties. 

178. The carbon molecule contains a large number of atoms. 
How large this number is it has not yet been possible to ascertain. 
It is supposed that graphite has a larger number of atoms to the 
molecule than amorphous carbon and diamond more than graphite, 
since graphite and diamond are less easily attacked by chemical 
reagents and because they are denser. 

A determination of the vapor density of carbon is of course out 
of the question. The measurement of the melting-point depression 
that carbon produces in iron is also impracticable, since we have 




Fig. 52.— Chahcoal Pit. 

no means of measuring temperature differences of yVtItt^ ^* *^® 
melting-point of iron. Besides, the result would be complicated 
hy the fact that iron forms compounds with carbon. 

It can be shown in the following way, however, that the number 
of atoms in the carbon molecule must be very great. By the 
oxidation of amorphous carbon with potassium permanganate 
melliiic acid is formed, which contains 12 carbon atoms to the 
molecule. This makes it quite probable that the carbon molecule 
-contains at least 12 atoms, for in the oxidation of organic sub- 
stances the products almost always contain either a smaller or the 
same number of carbon atoms to the molecule. For the following 
reason it is, however, to be supposed that the number of atoms in 
the carbon molecule is much greater than 12. "When marsh gas, 
CH^, is passed through a red-hot tube, ethylene j C,H^, is formed 
among other things. If this is then treated in the same way, aceiy^ 
lene, C,H,, is obtained, and from this again benzene, C^Hj. On 
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conducting benzene vapor through a glowing tube, naphthalene, 
C^Jtl^, py7'ene, C,jH,q, etc., are formed. If either of the latter ia 
heated still higher (in the absence of air) carbon is deposited. 
We thus see that as the temperature rises the number of carbon 
atoms in the molecule steadily increases. The final product of 
these operations, carbon, will therefore probably contain a con- 
siderably larger number of atoms in its molecule than naphthalene 
or pyrene. 

Carbon can unite directly with many elements. At ordinary 
temperatures it combines with fluorine only. Moissan introduced 
lamp black into fluorine gas, and the carbon commenced to glow ; 
when fluorine was present in excess carbon telrafluoride, CF^, was 
formed. So far no conditions have been found under which car- 
bon will unite with the other halogens directly. 

Hydrogen combines with carbon directly to form acetylene 
and marsh gas, when an electric arc is passed between two carbons 
in an atmosphere of hydrogen. Of all the many compounds con- 
sisting of only carbon and hydrogen these are the only ones which 
can be obtained by direct synthesis. 

Oxygen unites with carbon at an elevated temperature to- 
form carbon monoxide, CO, or carbon dioxide, CO, , according as 
carbon or oxygen is in excess. If sulphur vapor is passed over 
red-hot coals, carbon bisulphide, CS, , is produced. 

The elements of the nitrogen group, N, P, As, Sb and 
Bi, do not combine with carbon directly. Silicon and carbon 
unite at the temperature of the electric furnace to form CSi, carbo- 
rundufn, which is so hard that it can be used as a powder for 
polishing glass and precious stones. 

MoissAN has also found that many metals are able to combine 
with carbon at a very high temperature, forming carbides. This 
was formerly known to be true of iron and certain other metals. 

The difference in the behavior of these carbides towards water is 
interesting. Iron carbide is unaffected by it ; calcium carbide gives 
acetylene, CaHs ; aluminium carbide yields methane instead ; other car- 
bides give mixtures of the two hydrocarbons ; uranium carbide produces 
methane and also liquid and solid hydrocarbons. 

179. The atomic weight of carbon has been determined with 
great accuracy by Dumas and St as. Carefully dried oxygen was. 
passed through a porcelain tube containing a platinum boat, which 
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held some graphite or diamond and which had previously been 
weighed with its contents. The tube was heated red hot and the 
carbon dioxide resulting from the combustion of the carbon was 
absorbed in potassium hydrate. By weighing the boat with its con- 
tents after the experiment the amount of carbon burned could be 
determined; by weighing the absorption apparatus before and after, 
the amount of carbon dioxide was readily found. The averages for 
the different series of experiments^ each of which showed little 
variation, were as follows : 

Katie by weight of carbon to oxygen in oarbon di- 
oxide from the combustion of: 

Natural graphite. 2.0994 : 8.0000 

Artificial ** 2.9995:8.0000 

Diamond 8.0002 : 8.0000. 

The ratio of carbon to oxygen in carbon dioxide is thus very 
close to 3 : 8. As the specific gravity of carbon dioxide points to 
a molecular weight of 44 for this gas, it must contain, according 
to this ratio, 12.00 parts by weight of carbon and 32 parts of 
oxygen. The formula is therefore CxO,. Inasmuch as no carbon 
compound is known whose molecular weight includes less than 12 
parts of carbon, we have CO, as the formula; hence the atomic 
weight of carbon must be 12.00 for = 16. 

Compoimds with Hydrogen. 

180. Carbon and hydrogen form a very large number of com- 
pounds {hj/drocarbo7i8), which are more fully discussed in organic 
chemistry. A very small number will be treated here briefly. 

Methane, also called marsh gas and fire-damp, is the only 
hydrocarbon with just one atom of carbon. It occurs in nature in 
volcanic gases ; moreover, it gushes out of the ground in the neigh- 
borhood of the oil-wells at Baku and various places in America. 
It is an important constituent of *' natural gas." It owes the 
name "marsh gas" to the fact that it arises from swamps, 
ospecially when the decaying vegetation at the bottom is stirred 
up. It is called ** fire-damp" because it occurs in coal-beds (p. 
234), from which it escapes when they are broken up. It forms 
a violently explosive mixture with air, which is frequently the 
cause of mine explosions. Methane results from the dry distilla- 
tion of many organic substances; hence its occurrence in illuminat- 
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ing gas in a considerable amount (30-40^). A direct synthesis of 
it has already been mentioned (§ 178). Ordinarily it is prepared 
by heating sodium acetate with soda-lime : 

C H,0,Na + NaOH = CH, + Na,CO,. 

Sodium acetate. 

Bbrthelot obtained it by conducting a mixture of hydrogen 
sulphide and carbon bisulphide over red-hot copper: 

2H,S + CS, + 4Cu = 4CuS + CH,. 

Since both carbon bisulphide and hydrogen sulphide can be 
obtained by synthesis from their elements, this reaction can be 
considered as a synthesis of methane. 

Physical Properties. — Methane is a gas without color or odor. 
Its specific gravity, 7.98 (H = 1), corresponds to the formula CH^. 
When liquefied it boils at — 166° under ordinary pressure. It 
freezes at — 185°. Water dissolves it but little (0.06 vol. at 6°). 

Chemical Properties. — Methane burns with a faintly luminous 
flame. It requires a high temperature to break it up. The sparks 
of a powerful induction-coil or the electric arc are able to dissociate 
it into its components, acetylene, C,Hj, , being also formed, how- 
ever. If mixed with chlorine the hydrogen is gradually replaced 
by chlorine and we obtain accordingly CHgCl, CHj^Cl,, CHCl, and 
CCl^. A mixture of 1 vol. OH^ and 2 vols. CI, explodes when 
exposed to the light, forming 4HC1 and depositing carbon. 
Methane has neither basic nor acidic properties. 

Ethylene, OaH4 , is obtained by heating alcohol with sulphuric acid. It 
is a gas condensable to a liquid which boils at — 108*" and congeals at 
— 160°. It has a rather sweet odor and burns with a luminous flame. 
When conducted into bromine, it quickly forms CaHiBr*. It is slightly 
soluble in water and alcohol. It is contained in illuminating gas. 

Acetylene. G«Hs , is a colorless gas of a disagreeable odor. It is soluble 
in an equal volume of water at 18° and becomes liquid at 18° under 83 
atmospheres. Its hydrogen atoms are replaceable by metals. It is manu- 
factured by decomposing calcium carbide with water : 

CaCa + 2H«0 = Ca(OH), + CaH,. 

Calcium carbide is prepared by heating coke with unslaked lime (CaO> 
in the electric furnace. The calcium formed by the action of carbon on 
lime unites with carbon at the high temperature of the furnace to form 
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GaCs. Acetylene burns with a vivid flame on coming out of a small 
orifice under pressure. Efforts are being made to use it for illumiuatiug 
purposes, since it can be prepared from calcium carbide pretty cheaply, 
nevertheless it is still difficult to say whether the dangers involved in its 
use can be completely surmounted by its promoters. When mixed with 
air and ignited it explodes vehemently ; the compounds with metals ar& 
also explosive. It is endothermio and can be exploded by fulminating 
mercury. The combustion of acetylene is another illustration of the rule 
of §137, that reactions are in most cases of a simpler nature than the: 
chemical equations indicate. The equation here is : 

2CaH, + 50, = 4C0, 4- 2H,0. 

According to this equation the combustion should be heptamoleculaf. 
Bone and Cain proved, however, that the reaction has different stages, 
the first of which is represented by the bi molecular equation : 

0,H, -f O, = 2C0 + Ha ; 

CO and H« then burn further to COa and HaO. 

From a kinetic standpoint, it is quite conceivable that polymolecular 
reactions should be rare, for the probability of a large number of mole- 
cules coming together in just such a way that a reaction can take place is 
indeed very slight. The reaction is more likely to proceed in a way which 
involves the interaction of only very few molecules. 

Compounds with the Halogens. 

181. Of these we shall mention only carbon tetrachloride^ 
CCl^ , which is obtained among other ways by the continued action 
of chlorine on methane. It is a stable compound, a liquid with 
an odor like chloroform. Boiling-point 76°. Sp. g. = 1.693 at 
20°. 

At ordinary temperatures it is not attacked by water; however 
when the two are heated together at 250° in a sealed tube, carbon 
dioxide and hydrochloric acid are formed. 

Compounds with Oxygen. 

Two oxygen compounds of carbon are known : carbon monoxide, 
CO, and carbon dioxide, CO,. 

CABBON ICOHOXIDE. CO. 

182. This compound is always formed when carbon bums in a 
limited supply of air or oxygen. A number of carbon compounds 
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also yield carbon monoxide when burned under the same condition. 
This gas can also be obtained by the action of carbon on oxygen 
compounds, e.g. by heating zinc oxide, ZnO, with carbon. On 
passing steam over red-hot coals a mixture of hydrogen and carbon 
monoxide is produced : 

C + H,0 = CO + H,. 

This mixture goes by the name of tpoter-gas. It is used on a large 
scale for heating and lighting, especially iu America. For the latter pur- 
pose it is charged with the vapor of hydrocarbons rich in carbon, since its 
own flame is not luminous. The use of the incandescent gas-light (§ 291) 
makes this ^'carburetting'^ unnecessary. 

Carbon monoxide is also formed by the reduction of carbon 
dioxide with red-hot coal: 

C + CO, = 2C0. 

This reaction is limited by the reverse one; we thus have here 
an equilibrium expressed by 

c+co.;i^2CO. 

In order to reduce this to a mathematical form, we must note that 
coal is a solid ; experience has proven that when a solid substance 
occurs in a chemical system its concentration is constant. We can 
understand this by supposing that the reaction takes place only 
in the gaseous state, in this case between carbon dioxide and 
carbon, the vapor-tension of the latter being extremely low but 
existing nevertheless. So long as solid coal is present, the gases 
must be saturated with its vapor, so that at a constant temperature 
there is a constant pressure, i.e. a constant concentration. If then 
we call the concentrations of the gases pc, etc., the equation 
becomes : 

k being a constant (at a constant temperature). As, however, 
Pq is constant, we can combine it with k, and so we have 

i'co. = Kyco, or K=§'-5-«. 

Jr CO 

According to Le Chatelier's rule (and § 51)* the equilibrium 
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depends here on the pressure; on increasing this, the gas volume 
is diminished, hence more carbon dioxide must be formed. 

Experience has further taught that the proportion of carbon 
monoxide increases rapidly with rising temperature; at 1050° there 
is only very little carbon dioxide present. K thus decreases in the 
above equation as the temperature rises. 

The reduction of salts of carbonic acid also furnishes a method 
of preparing carbon monoxide. If chalk (CaCO,) or magnesite 
(MgCOj) is heated with zinc dust, pure carbon monoxide is 
formed : 

CaCO, + Zn = CaO + ZnO + CO. 

Physical Properties. — Carbon monoxide is a colorless, odorless 
gas of a specific gravity of 0.967 (air = 1). It is hard to condense, 
its critical temperature being — 139.5° and its critical pressure 
35.5 atmospheres. It boils at — 190° and solidifies at — 211°. It 
is only slightly soluble in water. 

183. Chemical Properties, — Carbon monoxide burns with a 
characteristic blue flame to carbon dioxide. 

It is a remarkable fact that this combustion occurs with ease 
only when the gas is moist; if it and the oxygen also are care- 
fully dried, the action is extremely backward. A carbon monoxide 
flame goes out, for instance, when it is introduced into a flask of 
oxygen whose walls are sprinkled with concentrated sulphuric 
acid (§ 38). 

Carbon monoxide can unite with chlorine directly to form 
phosgene, COCl^, and also with sulphur (at an elevated tempera- 
ture) to form carbon oxysuljMde, COS; both compounds are 
gaseous. Again it unites directly with nickel and iron, giving the 
compounds Ni(CO), and Fe(C0)5 (g§ 214 and 311). 

On account of its tendency to combine with oxygen, it displays 
strong reducing power, especially at high temperatures. Thus 
metal oxides, like Fe^O,, CuO, etc., are easily converted into the 
metals when hot. Some compounds are reduced by carbon mon- 
oxide even at ordinary temperatures. Palladium is precipitated 
from an aqueous solution of palladious chloride and an ammouiacal 
silver solution (prepared by dissolving silver oxide in ammonium 
hydrate to the point of saturation) is turned black by the gas 



Digitized by VjOOQ IC 



242 INORGANIC CHEMISTRY. 

because of formation of the metal. Both of these reactions serve 
for the detection of carbon monoxide. 

An ammoniacal cuprous chloride solution absorbs the gas 
beoause of the formation of a compound, Cu,Cl,«CO + 2H,0» 
which can be isolated in the crystalline state but decomposes again 
very readily. 

Carbon monoxide is very poisonous, for it unites with the hse- 
moglobin of the blood, forming carbofiyl-hwmoglobin, and thereby 
prevents it from combining with oxygen to form oxyhcBmoglobia. 

The composition of carbon monoxide can be determined by 
exploding a mixture of the gas with oxygen. It is then found that 
2 vols. CO unite with 1 vol. 0, to form 2 vols. CO,. This together 
with the vapor density establishes the formula as CO. 

CASBON DIOXIDE, CABBOHIG ACID AHHTDRIDE, CO,. 

184, This compound occurs not only by itself but also in com- 
bination. It is a regular constituent of the air (§ 106); many 
mineral waters contain the free gas; in some places of the earth 
(in the Dog's Grotto at Naples and the famous Poison Valley in 
Java) it comes up out of the ground and it is also found in volcanic 
exhalations. The most minerals and rocks contain numerous 
extremely small cavities, partly filled with liquid carbon dioxide. 
Combined, it occurs in large quantity in the carbonates of lime 
and magnesia (§ 176). 

Carbon dioxide results from the combustion of carbon in an 
excess of oxygen and also from the direct decomposition of many 
salts of carbonic acid (carbonates) by heat: 

2NaHC0, = Na,CO, + H,0 + CO,; CaCO, = CaO + CO,. 

Sodium bi- 
carbonau*. 

Moreover, it is formed when a carbonate is decomposed by an. 
acid: 

Na,CO, + 2HC1 = 2NaCl + H,0 + CO,. 

By the action of oxygen at high temperatures all carbon com- 
pounds are burned with the formation of carbon dioxide. It is 
also produced by the action of carbon on oxygen compounds, e.g. 
by heating powdered charcoal with an excess of copper oxide; 
finally also by the interaction of carbon compounds and oxygen 
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compounds. This latter action is the hasis of the general method 
for determining the proportion of carbon in organic substances; 
they are heated together with cop^^r oxide and the carbon dioxide 
formed is absorbed in a weighed amount of caustic potash. 

Physical Properties. — Carbon dioxide at ordinary temperatures 
and pressures is a gas with a somewhat pungent odor and taste. 
Sp. g. = 1.529 (air =1). It is thus about half again as heavy as 
air, so that in those places where it comes out of the earth, as in 
the Dog's Grotto at Naples, it stays in a layer close to the ground 
and a dog, for instance, is suffocated while a man can breathe 
with comfort. Carbon dioxide is easily condensed, becoming liquid 
at 0° under 35 atmospheres pressure. Its critical temperature is 
31.35° and its critical pressure 72.9 atm. Liquid carbon dioxide 
("liquid carbonic acid") is manufactured in great quantities and 
brought on to the market in steel bottles (bombs). It is a very 
mobile liquid, which is not miscible with water in all proportions. 
If the liquid is allowed to escape from the bomb into a coarse 
linen bag (by inverting the bomb and opening the valve), part of 
it vaporizes, absorbing thereby so much heat that the remainder 
solidifies in white flakes. A mixture of this solid carbon dioxide 
with ether,' alcohol or acetone is often used as a freezing mixture; 
it enables us to obtain a temperature of — 80°, and even — 140° 
in vacuo. When liquid carbon dioxide is cooled down in a sealed 
tube, it congeals to an icy mass, which melts at — 65°. 

At 15° carbonic acid gas dissolves in its own volume of water 
(more accurately 1.0020 vol.); at 0° in 1.7967 vol. In alcohol it 
is still more soluble. 

Chemical Properties. — Carbon dioxide is a very stable com- 
pound; it is only decomposed by intense heat (1300°) or by the con- 
tinued action of induction sparks, breaking up into oxygen and 
carbon monoxide. This decomposition never completes itself, for 
just so soon as a certain amount of these gases have been formed, 
they reunite with explosion. At the moment before the explosion 
the amount of carbon dioxide still present becomes no longer suffi- 
cient to dilute the mixture of oxygen and monoxide enough to 
hinder an explosion; the explosive limit is reached. 

Carbon dioxide cannot be farther oxidized; it is therefore not 
combustible. In general it cannot support combustion either. 
There are, however, certain substances that take up oxygen from. 
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it when hot; if carbon dioxide is mixed witli hydrogen and passed 
through a red-hot tube, carbon monoxide and water are formed; 
when led over glowing carbon or when heated with phosphorus it 
is reduced to carbon monoxide. If a burning magnesium ribbon 
is lowered into carbon dioxide, the oxide of the metal is formed, 
carbon being deposited also; the same thing happens when sodium 
or potassium is heated in dry carbon dioxide. 

The aqueous solution of carbon dioxide reacts a trifle acid ; it 
is supposed that it contains a compound H,CO, , of which many 
salts are known. This acid, carbonic acid, has not yet been isolated 
in the free state, however, since it gives off gaseous carbon dioxide 
(*' carbonic acid gas") when the solution is boiled or frozen. If 
its salts (carbonates) are treated with an acid, no H,CO, is obtained 
either, for it breaks up forthwith into water and carbon dioxide. 
Carbonic acid is a very weak acid; it is liberated from its salts by 
almost every other acid. By adding hydrochloric acid to a carbon- 
ate H-ions are introduced into the liquid and they unite with the 
COj"-ions to form integral molecules of H^CO,. These, however, 
break up largely into H,0 and CO,, the latter of which can only 
remain in solution up to a certain amount at a constant pressure, 
Bo that all in excess of this passes out. As a result the concentra- 
tion of the HjCOj molecules cannot exceed a definite and, in this 
case, low limit. Since moreover the ionization of these molecules 
is very weak, in reality all of the carbonate is decomposed by the 
strong acid (§ 73). 

The neutral carbonates of the alkalies are soluble in water, 
those of the other metals insoluble; the acid carbonates are, how- 
ever, mostly soluble in water. Calcium carbonate, e.g., dissolves 
in water containing carbonic acid. The solutions of such acid car- 
bonates give off carbon dioxide on simply boiling, however, and 
the neutral carbonates are precipitated. In the solid state also the 
acid carbonates give off carbonic acid gas very readily on warming. 

Composition of Carbon Dioxide. — In connection with what was 
stated in § 179 it is an important fact that no change of volume 
occurs when carbon bums in an excess of oxygen : 



C + 0, = CO . 

1 vol. 1 vol. 



A still higher oxygen compound of carbon is known, althongh only in 
the form of a salt, potaniiim peroarbonate, KsdOt. It is produced by the 
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electrolysis of a saturated potash solution at -- IS"" ; this synthesis may be 
considered as analogous to that of persulphuric acid (§ 91). Here the pot- 
ash is split up in K and KGOa' ; the latter ions are discharged at the anode 
and two of them unite to form KsCsO*. It separates out as a sky-blue 
precipitate, which after being dried in a phosphorus pentoxide desiccator 
is a light-blue powder consisting of KaCOt and KsCaOe. Even gentle 
warming decomposes the percarbonate : 

KaCaO. = K,CO. + COa + 0. 

It acts therefore as a strong oxidizing agent ; it oxidizes lead sulphide to 
the sulphate, bleaches indigo, etc. Manganese dioxide and lead peroxide 
are converted into the respective carbonates in a vigorous reaction, in 
which case it acts as a reducing agent. 

Other Carbon Compounds. 

185. Carbon bisulphide, CS,, is prepared by direct synthesis, by 
passing sulphur vapor over red-hot charcoal. It is a highly re- 
fractive, almost colorless liquid, having an ethereal odor when pure. 
It boils at 46°, is insoluble in water and has a specific gravity of 
1.262 at 20°. Carbon bisulphide is poisonous and extremely in- 
flammable, hence a very dangerous liquid to handle. It is an in- 
valuable solvent for fats and oils and is therefore used on a large 
scale for the extraction of these substances. It is also used in vul- 
canizing rubber. Carbon bisulphide is endothermic ; it can be 
made to explode by fulminating mercury ; nevertheless under or- 
dinary conditions it is quite stable. 

Carbon bisulphide is a sulpho-anhydride (§ 164). With alkali 
sulphides it forms sulphosalts, irithiocarhonates : 

BaS-f CS,= BaCS,. 

Ba-trithio- 

carbooate. 

The barium salt is yellow and difficultly soluble in cold water. 
The irithiocarbonic acid, ILCS, can be obtained from its salts with 
dilute acids as an unstable oil. The potassium salt is used for ex- 
terminating grape-lice. 

Cyanogen, (CN),, can be prepared by heating mercuric cyanide, 
Hg(CN), y or by treating a solution of potassium cyanide with cop- 
per sulphate solution. It is possible that first cupric cyanide i& 
formed and that this at once breaks up into cuprous cyanide and 
cyanogen : 

4KCN -f 2CuS0, = 2K,S0, + Cu,(CN), + (CN),. 
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Cyanogen has a penetrating odor. When liquefied it boils at 
—20.7°. It is unaffected by high temperatures. It dissolves in 
water, but the solution deposits amorphous brown flakes after a 
while: 

C,N,+ 20,=2CO, + N,; 

the reaction, however, is not trimolecular, the first stage being 

C,N, + 0, = 2C0 + N,, 

i.e. a bimolecular process (see § 180). It bums with a purple- 
tinged flame. In its chemical behavior it displays an analogy with 
the halogens. Potassium burns in cyanogen as in chlorine, forming 
potassiutn cyanide, KCN. If cyanogen is passed into potassium 
hydrate solution, the same cyanide is formed together with potas* 
Slum cyanate, KCNO, analogous to the formation of the chloride 
and hypochlorite, KCl and KCIO, on leading chlorine into potas- 
sium hydrate (§ 56). Silver cyanide is curdy, insoluble in water 
and dilute acids and soluble in ammonia, like silver chloride. 

Hydrogen cyanide, HCN ( prussic acid) is important in inor- 
ganic chemistry because of the numerous complex salts which it 
forms. Many of them, particularly those containing alkalies, are 
soluble in water and crystallize beautifully. Salts of prussic acid 
arc formed in general when carbon, nitrogen and a strong base come 
in contact at red heat, e.g. when a mixture of carbon and potas- 
sium carbonate are heated red-hot iu a current of nitrogen. On 
heating nitrogenous organic substances with an alkali, cyanides are 
also formed. Ammonium cyanide is produced by passing am- 
monia over red-hot charcoal. If induction sparks are sent through 
a mixture of acetylene and nitrogen, hydrogen cyanide is formed. 
Ordinarily hydrocyanic acid is prepared by distilling yellow prus- 
siate of potash (§ 308) with dilute sulphuric acid; the distillate is 
an aqueous solution, which yields anhydrous prussic acid by frac- 
tional distillation, the last traces of water being removed by phos- 
phorus pentoxide. Anhydrous hydrogeti cyanide is a colorless 
liquid with an odor like bitter almonds. It boils at 26°; its melt- 
ing-point is 14°. The pure acid is stable but dissolved in water 
it decomposes with the deposition of insoluble amorphous brown 
substances. Like most cyanides it is a very dangerous poison. As 
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an antidote very dilute chlorine gas may be inhaled, or hydrogen 
peroxide taken. 

The electrical conductivity of an aqueous prussic acid solution 
is very low; it is therefore one of the weakest acids. 

As to its salts, those of the alkalies and alkaline earths, and 
also mercuric cyanide, are soluble in water, the others insoluble. 



The Flame. 

186. A flame is produced by the burning of a gas; solids, like 
iron, carbon, etc., bum without a flame. If a flame is observed 
during the burning of mineral coal, a candle or the like, it is due 




Fio. 53. — Revebsb Flamb. 



Fig. 54.— Potassium Chlorate Flame. 



to the fact that at that high temperature gaseous decomposition- 
products are formed, which burn. If a gas burns in the air, it is 
called a combustible gas and the oxygen of the air is called the sup- 
porter of the combustion. These expressions in common use are 
only relative terms; it is possible to light the oxygen and have it 
bum with a flame in a gas which is ordinarily called combustible. 
This phenomenon is illustrated in a way by the reverse flame. 

This can be easily obtained with the aid of the apparatus of Fig. 58. 
A lamp-chimney is fitted with a two-hole cork at its lower end. Through 
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the narrower hole of the cork a small tube a is inserted for conducting in- 
the gas, through the wider hole a tube 6 for the admission of air. The 
chimney is first removed and the gas coming out of tube a lighted and so 
regulated as to produce a small flame. Then the chimney is replaced; the 
flame continues to burn quietly, inasmuch as plenty of air is supplied by the 
wider tube. Thereupon the gas-supply is gradually increased and at a 
certain moment the small flame at the end of a is extinguished and a. 
large pale flame appears at the end of 6 ; it is air burning in the gas which 
fills the chimney. This is the reverse flame of air in illuminating gas. 
At the same time the excess of gas escaping at the top ignites in the out- 
side air, so that the apparatus presents both a direct and a reverse flame 
at the same time. That it is really air that burns at the mouth of h is 
proven by introducing a tiny gas-flame by means of the tube c into the 
flame of the wide tube 6; the small flame continues to burn. 

Substances that give up oxygen are capable of burning when surrounded 
by a combustible gas. The experiment can be carried out with potassium 
chlorate as follows : Illuminating gas is conducted into a glass cylinder 
(Fig. 54) and lighted at the top, where the cylinder is covered by a thin 
piece of metal with a hole in it. A little potassium chlorate is then low- 
ered into the flame by means of a deflagrating spoon and heated till oxygen 
comes off freely. If the bowl is then dipped down in the cylinder, the 
oxygen burns with a very luminous flame, which is colored violet-blue by 
the vaporization of some potassium salt. 

We saw above (§ 27) that a hydrogen flame continues to burn in chlo- 
rine with the formation of hydrochloric acid ; on the other hand chlorine 
can also be made to burn in hydrogen. For this purpose a cylinder closed 
at the top is filled with hydrogen and lit at the lower edge. A tube through 
which chlorine is supplied is then brought in contact with this flame and 
inserted in the cylinder. The chlorine burns on. 

187. A flame may be luminous or non - luminous. It gives 
light when solid particles are suspended in it. An ordinary gas 
flame is luminous because particles of carbon, set free by the com- 
bustion, arc made to glow. On introducing a cold object into the 
flame tliey are deposited as soot. The light of the Welsbach in- 
candescent gas'hght is produced by the glowing incombustible man- 
tle (§ 291). 

Such flames give a continuous spectrum (§263). Many 
gases, which yield only gaseous products on burning, give either a 
very faint light or none at all, e.g., hydrogen, carbon monoxide, 
etc. llowever, when hydrogen burns in oxygen of 20 atmospheres 
pressure, its flame is strongly luminous. Other incandescent gases, 
such as the vapors of certain metals, can render a flame laminoos- 
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even at ordinary pressure, imparting to it a definite color. Colored 
flames of this sort give aline spectrum (§ 263). 

A gas flame, whose light is due to incandescent particles of car- 
bon, is made non-luminous by mixing the gas with air before the 
combustion. This is the principle of the Bunsen burner (Fig. 65)> 
which is used in all laboratories and quite extensively also, with 
some yariation or other, in heating and cooking apparatuses (gas 
stoves). 

The Bunsen burner consists of a base in which is a tube for supplying 
the gas, which escapes from a narrow orifice at a. Here it mixes with air 
that enters through the lateral holes in 6. This mixture burns with a 
colorless flame when ignited at the top of c. 

The opinion was originally held that the loss of luminosity of the flame 
is due to the oxygen of the air, the latter causing the complete combustion 
of the carbon particles. As has since been shown, however, the dilntion of 





f 



Pio. 55.— Bdnskn Burner. Fig. 56.— Effect of a Wire Gauzk 

ON A Flame. 

the burning gas with nitrogen also has a part in it : if illuminating gas is 
mix(Hl with twice or thrice as much nitrogen, the former burns with a 
colorless flame. 

With the aid of a wire gauze a burning gas mixture can be 
cooled so low that the combustion cannot propagate itself through 
the gauze, in other words, the flame does not get through the gauze. 
If gas is allowed to flow out of a Bunsen burner and a wire gauze is 
held across the current a short distance from the oriflce, the gas can 
be lit above the gauze without the flame springing back to the 
burner (Fig. 56). 
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It was by expenments such as these that Davy was led to discover his 
miner^s safety-lamp. As Fig. 57 shows, this consists of an oil-lamp, the 
flame of which is sarrounded by a wire cage. A combustible gas mixture 
can catch fire inside of the lantern, but the fire cannot pass through the 
gauze to the outside. 

188. The temperature of the flame is much lower than we might 

suppose. Since, when hydrogen bums in oxygen, 67.2 kg. -calories 

are produced by every 18 g. of the mixture, and the specific heat of 

steam is 0.48, this amount of heat ought to raise the 18 g. steam to 

57.2 
a temperature of n oiH-O 48 ~ 6600**. In reality the temperature 

of the flame does not exceed 2500®. This difference between 





Fig. 57. — Mfner's Safety- 
lamp. 



Fig. 58.— Section of the 
preceding. 



calculation and observation is due to the fact that on account 
of dissociation only a partial combination of hydrogen and oxy- 
gen takes place in any part of the flame. The temperature of 
6600° could indeed be obtained at any point, if the gases united 
there completely and momentarily ; but this is impossible, for 
above 1300° the formation of the compound is chocked by the oppo- 
site process, tlie dissociation of steam. Therefore what occurs 
must be this : oxygen and hydrogen, when brought together at the 
aperture, combine and effect a certain rise of temperature ; in the 
same measure as the systeni in equilibrium (hydrogen, oxygen, steam) 
cools off, now amounts of the gases unite. Their combustion cannot 
therefore take place at any particular point but must be gradual 
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throughout the whole extent of the flame and at any one point the 
temperature cannot exceed a certain limit, which is determined by 
the degree of dissociation of the combustion product. 

189. Zojies of a lummous flame. Let us take a candle flame, for 
•example. In the central zone (1 in the diagram Fig. 59) 
there is no combustion. The stearin of the candle is here con- 
verted by the heat of the flame into volatile combustible products. 
In a large candle this can be proven in the manner shown in Fig. 
59. The narrow tube conducts off the inflammable gases and they 
can be lit at the outer end. 

The hoUowness of a flame can be demonstrated in various ways; 




Fig. 59.— Zones of a Lumihous Flame. 

in a Bunsen burner, for instance, by placing a match-head In the 
center, where it does not ignite, or by holding a thin platinum wire 
across a flame ; the wire only glows at the edges of the flame. 

The dark central zone of the flame is next surrounded by the 
luminous zone (2). Here the volatilized hydrocarbon is decom- 
posed with the separation of carbon, because the air-supply is in- 
sufficient for complete combustion. These carbon particles become 
incandescent and so make the flame luminous. Finally there is the 
blue outer zone (3), in which the glowing particles of carbon are 
burned by direct contact with the air. It radiates very little light. 

The amount of solid carbon in a flame which is raised to incandescence 
and hence gives light is very small, as the following calculation shows. 
The substances in burning illuminating gas which break up with the lib- 
eration of carbon are chiefly benzene and ethylene. The former makes up 
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aboat 1, the latter about 4, per cent by volume of the gas. If we assume 

that the benzene is completely broken up and the ethylene only half, then 

the total amount of carbon deposited by 1 liter of burning illuminating gas 

is about 54 mg. The volume of the luminous part of a gas-flame with a 

consumption of 150 liters per hoar amounts to about 2 c.c. (reduced to 

0*), so that the mass of solid incandescent carbon present in it is only 

2 X 54 A 1 ^„ 

= U.l mg. 

1000 * 

SILIGOir. 

190. This element in combination with oxygen is one of the 
principal constituents of the earth's crust (§8). In the free state, 
however, it does not occur in nature, being found almost exclusively 
as silica^ SiO„ or in the silicates. Sand and the many varieties of 
quartz are different forms of natural silicon dioxide; the number of 
silicates is very large. 

Free silicon is obtained by heating sodium fluosilicaite, Na^SiF, y 
with sodium : 

Na^SiF, + 4Na = 6NaF + Si. 

The sodium fluoride can be removed by water. Another method 
is to heat 40 parts of fine white sand, that must be well dried,, 
with 40 parts of magnesium in a wide test-tube. As soon as the 
reaction has begun at any point, it spreads of itself throughout the 
entire mixture. 

Allotropic Forms, — The silicon thus obtained is a brown 
amorphous powder; it can be fused under a layer of molten 
sodium chloride and obtained c r y s t a 1 1 i n e on cooling. The latter 
form is best obtained by heating a mixture of potassium fluosilicate 
with sodium and zinc. The silicon produced is at once dissolved by 
the liquid zinc and on cooling separates in crystals, which can be freed 
from the metal by dissolving the latter in hydrochloric acid. These 
crystals are regular, black, of a high lustre and a specific gravity of 
2.49. They are very hard, and are not at all or only slightly 
attacked by the reagents which attack amorphous silicion. If 
silicon is heated in the electric furnace, it vaporizes and condenses 
again in small globules, mixed with a little gray powder and some 
silica. 

Chemical Properties, — Amorphous silicon takes fire when heated 
in the air, burning to silica. It unites with fluorine at ordinary 
temperatures, the combustion being marked by a glow; it only 
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unites with the other halogens at red heat. At an eleyated tempera* 
ture it combines with nitrogen and some metals; ^&siq filicides haye 
been prepared mainly by Moissan in his electric furnace. 

It is indifferent towards sulphuric, nitric and hydrochloric acids. 
Hydrofluoric acid dissolves it, however, with the evolution of 
hydrogen. Hydrogen chloride gas reacts with it at a high tem- 
perature, forming silicon tetrachloride and silico-chloroform. It 
difisolyes in a hot solution of sodium or potassium hydrate, produc- 
ing hydrogen and a silicate: 

Si + 2K0H + 11,0 = K,SiO, + 2H,. 



Aydrogen Silicide, SIH^. 

191. This gas is obtained by adding freshly prepared magnesium 
silicide to hydrochloric acid. The magnesium silicide is prepared 
by heating sand with an excess of magnesium powder, or better by 
fusing 40 parts of anhydrous magnesium chloride with a mixture 
of 35 parts of sodium fiuosilicate, 10 of sodium chloride and 20 of 
Bodium. The hydrogen silicide so obtained is mixed with hydro- 
gen. It can be gotten pure from an organic derivative of silicon, 
tri-ethyl silicoformiate, by heating: 

4SiH(0C,HJ, = 3Si(0C,H,), + SiH,. 

Hydrogen silicide, or silicon tetrahydride, is a gas, which be- 
comes liquid at —1° under a pressure of 100 atmospheres. It has 
a disagreeable odor. It takes fire in the air; each bubble that 
escapes from the generator forms a cloudy ring of Si.O, aq. If, 
however, the hydrogen silicide is perfectly pure, it does not ignite 
spontaneously in the air at ordinary temperatures, but under reduced 
pressure it does. The self-ignition of impure gas is to be ascribed to 
the dilution with hydrogen. We have therefore in this case phenom- 
ena similar to those in the case of hydrogen phosphide (§ 137). 
Heat decomposes it readily into Si and 2n, . It bums in a chlorine 
atmosphere. It is decomposed by an alkali solution according to 
the equation : 

SiH, + 2K0H + H,0 = 4H. + K,SiO,. 
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Halogen Compounds of Silicon. 

192. Silicon tetrachloride, SiCl^, is prepared by mixing fine 
quartz sand with charcoal and heating in a current of chlorine. An 
easier method is by heating silicon in a current of chlorine at 300'- 
310°. Silicon tetrachloride is a liquid with the specific gravity 
1.52408 at 0** and the boiling-point 59.67°. It is instantly decom- 
posed by water, forming hydrochloric acid and SiO, aq. 

In the preparation of the tetrachloride from silicon (obtained from 
sand and magnesium) liUoon triohloride, SitClt, is obtained as a side^prod- 
net. This is also easily decomposed by water, forming an insoluble solid, 
lilleo-oxaUo aeid (SiO.H);,. 

SiUoo-ohloroform, SiCUH, obtained by heating silicon in a current of 
hydrochloric acid gas (§ 190), is a colorless, strongly smelling compound, 
which fumes in the air, boils at 34* and is decomposed by water. 

193. Silicon tetrafluoride, SiF^ , can be obtained by warming a 
mixture of sand and calcium fluoride with concentrated sulphuric 
acid: 

2CaF, + SiO, + 211,80, = SiF, + 2CaS0, + 211,0. 

It is a colorless gas with a very pungent and suffocating odor; 
it condenses under 9 atm. pressure or by cooling to —160*. When 
perfectly dry, it does not attack glass. 

Silicon fluoride is also formed by the action of hydrogen fluoride 
on silicates; the silica is first set free from them and then attacked 
in the way just described. Glass-etching (§ 53) depends on this 
action. 

By the repeated treatment of silicates with hydrous hydrofluoric acid 
all the silicic acid is driven off as silicon fluoride. The bases which were- 
in combination with the silicic acid are left behind in the form of fluorides. 
They can be transformed into sulphates by warming with sulphuric acid 
and then converted into a form suitable for analysis. We have here a very 
useful means of determining the metals present in the silicates. 

Water decomposes silicon fluoride as follows : 

3SiF, + 3H,0 = H,SiO, + 2H,SiF,. 

The compound H,SiF, is called hydrofluosilioio acid; it is 
known only in aqueous solution. If the latter is evaporated, SiF^ 
escapes and.IIF stays in solution. 
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The decomposition of silicon fluoride is usually demonstrated by the 
following experiment : The compound is generated in the prescribed man- 
ner in a flask (Fig. 60), whereupon it is conducted through a doubly- 
bent glass tube into a cylindrical jar containing a little mercury (into 
which the tube opens) and on top of this some water. Every bubble of 
gas that rises from the mercury into the water generates in the latter a 
cloud of SiOs aq. If the glass tube opened directly in water, it would soon 
become stopped up with silicic acid. 




Fig. 60.— Preparation op Hydrofluosilicic Acid. 

The solution of hydrofluosilicic acid reacts acid ; it dissolves 
metals with the evolution of hydrogen and behaves in all respects 
like an acid. A hydrate, H,SiFg + 2aq, is known in the solid state. 
It melts at 19°. It is obtained by leading silicon fluoride into con- 
centrated hydrofluoric acid. Most of the salts of hydrofluosilicic 
acid are soluble in water; the potassium salt is diflRcultly so, how- 
ever, and the barium salt is insoluble. 

When hydrofluosilicic acid and silicic acid are brought together, 
on the other hand, silicon fluoride and water are formed. It there- 
fore follows that the decomposition of silicon fluoride by a definite 
amount of water must have a limit. 

Hydrofluosilicic acid is used in hardening objects made of gyp- 
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«uin (this is due probably to the formation of calcium fluoride) and 
Also in analytical chemistry. 

Oxygen Compounds of Silicon. » 

194. Only one such compound is known : silicon dioxide^ or 

silica. 

SILICA. 810,. 

This compound occurs in astonishingly large quantities and in 
a great number of varieties in the solid crust of the earth. It is 
found crystallized as rock crystal^ qiiartz (when colored brown, 
called smoky quartz), amethyst (the more beautiful sorts being used 
for ornament), tridymite, onyXy cat^s-eye, etc. Sand is largely 
silica; sandstone also belongs here and so does jasper (usually 
colored red with ferric oxide and having a conchoidal fracture). 
The amorphous varieties are hydrous or anhydrous; opal belongs to 
the former, agate to the latter. 

Silica can be prepared artificially as an amorphous white powder 
by heating silicic acid. 

Physical Properties, — In the crystallized state silica is very hard 
and insoluble in water and has a specific gravity of 2.6. It is very 
difficultly fusible; in the oxy-hydrogen flame it softens andean 
be drawn out into extremely fine threads that are so tenacious and 
display so regular a torsion that they are frequently used in sus- 
pending magnets, etc., in physical instruments. It can be made 
to boil vigorously in the electric furnace; the vapor condenses in 
woolly flakes. Quartz that has been fused has a very small dilata- 
tion-coefficient; this explains why objects made of it can endure 
yery sudden changes of temperature. A tube of quartz, for instance, 
can be thoroughly heated and then thrust into cold water at once 
without cracking. 

Chemical Properties. — Especially in the crystallized condition 
silica is very little acted upon by acids except hydrofluoric acid 
(§ 193). Fused alkalies dissolve it, forming alkali silicates. It can 
be reduced by carbon in the electric furnace, carborundum (§ 178) 
being formed. It is also reduced by heating with magnesium 

Silicic Acids. 

195. When a solution of potassium or sodium silicate (water- 
glass) is treated with hydrochloric acid, a very voluminous, gelat- 
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inouB mass separates out; this consists of liydrous silicic acid cor- 
responding to the general formula SiO,aq. After being washed 
with water and dried in the air it is a fine white amorphous powder 
of the approximate composition Il^SiOj. Freshly precipitated silicic 
acid is slightly soluble in water, but more so in dilute hydrochloric 
acid. If, therefore, water-glass is introduced into an excess of 
hydrochloric acid, the silicic acid stays in solution; it can be sepa- 
rated from the sodium chloride simultaneously formed, by the fol- 
lowing process : 

The solution is put into a shallow cylinder or a flask with its bot- 
tom cut oflf (Fig. 61), which is closed at the bottom with a piece of 




Fig. «1.— DfALYZER. 

parchment paper or bladder. This flask hangs in a wider vessel, 
in which the water can be continuously renewed by means of a 
siphon. The salt goes through the parchment, but the silicic acid 
does not. This process is called dialysis and the apparatus a dia- 
lyzer, Graham found that crystallizable substances in solution 
(crystalloids) are able to pass through such membranes, while other 
substances, which he called colloids^ are not. In the latter class 
are glue, gums, gelatine, albumen — in short, many amorphous sub- 
stances occurring in the animal and vegetable kingdoms Purifica- 
tion by dialysis is also possible with certain inorganic substances 
besides silicic acid. 

From a pure solution thus prepared — called a colloidal ^o\\xi\on 
— the silicic acid is precipitated (coagulated) by the addition of a 



Digitized by 



Google 



258 INORGANIC CHEMISTRY. 

small amount of certain salts, e.g. sodium carbonate or hydrochloric 
acid. This is characteristic of such solutions. They also show still 
other peculiarities. On evaporation they do not yield crystals but 
an amorphous, glutinous mass, which is no longer wholly soluble in 
water. When the boiling-point or freezing-point of a colloidal solu- 
tion is determined, it is found to be nearly the same as that of the 
solvent. From this we may conclude either that the molecular weight 
of the colloidal substance is very great, or that such a solution is 
not a true one but only a suspension of extremely finely divided 
particles. Other phenomena confirm the latter view. When, for 
instance, a liquid which undoubtedly contains such particles, e.g. 
clay suspended in water or water to which has been added a few 
drops of milk, is penetrated by a pencil of light rays, the part of 
the liquid traversed by the rays is luminous, and the diffused light 
shows itself to be polarized. These very properties are shown by the 
colloidal liquid obtained by introducing hydrogen sulphide into & 
solution of arsenious oxide. That this yellow liquid, on the other 
hand, is a colloidal solution of arsenious sulphide is proved by the 
fact that this sulphide is precipitated by adding hydrochloric acid 
or a salt solution. 

Silicic acid precipitated from the colloidal solution dries slowly 
in the air to an amorphous white powder, which still contains a con- 
siderable amount of water; the latter is given up slowly in a desic- 
cator over sulphuric acid. 

Amorphous gelatinous precipitates like that formed by silicic acid 
are also known with other compounds. They are called hydrogdes and 
have special properties, as van Bemmelen has shown. When freshly pre- 
cipitated and dried on a porous plate they contain a considerable propor- 
tion of water. If they are then placed in a desiccator, they give off their 
water with constant velocity (i.e. the same amount during equal intervals) 
and the vapor tension during this process does not vary perceptibly from 
that of water. 

When a certain percentage of water is reached, the vapor tension, and 
with it I lie velocity of loss of water, begins to decrease and with such regu- 
larity that a curve having the compositions of the hydrogele for abscissas 
and its vapor tensions for ordinates shows no breaks. 

When such a hydrogele loses its water, it also undergoes a change 
in molecular structure, for, while it can take up water again in contact 
with moist air, the vapor tensions corresponding to the same composition 
before and after the dehydration are greater afterward ; in other words, 
the water is less firmly held in it. 

A further peculiarity of the hydrogeles is that they absorb alkalies and 
salts from solution in such a way that the concentration of these substances 
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is greater in the hydrogele than in the solution. This absorptive power 
diminishes when the fresh hydrogele is altered by standing under water 
or by drying. 

Since silicon tetrachloride is changed to silicic acid by water, just 
like phosphorus pentachloride to phosphoric acid (§ 145), we can 
consider the compound as the basis from which the remaining silicic 
acids are derived. The latter can in general be represented by the 
formula mSi(OH), - mH,0. 

These polysilicic acids have indeed not been isolated, but many 
of their salts and double-salts are known, which occur as minerals in 
nature. It is a striking fact that, while the great ability of the 
carbon atom to combine with other carbon atoms is the foundation 
of the organic world, the tetrivalent element silicon, so closely allied 
to carbon, is by reason of its ability to form complex silicates 
the basis of a very extensive part of the inorganic world. 

The silicates of potassium and sodium are soluble in water, those 
of the other metals insoluble, as are also most of the double silicates 
of the alkalies. 

In the soil hydrous silicates are found whose bases are usually lime 
and alumina. In contact with alkali salts these undergo a double decom- 
position, an insoluble potassium aluminium silicate, for example, being 
formed together with chloride of calcium, which is taken off by the under- 
ground water. This phenomenon is said to be caused by the absorptive 
power of the soil ; it plays an important r6le in the determination of soil- 
values. It is this that holds back the potash, an invaluable nutrient, which 
is furnished to the soil in the form of potassium salts and would otherwise 
be quickly washed off by the rain because of its solubility. 

The soluble phosphates are ^' absorbed '* by the soil in the same way. 
This is mainly to be ascribed to the lime they contain, by which insoluble 
tri- or dicalcium phosphate is formed ; to some extent this absorption may 
be caused also by basic lime silicates. 

Silioon Componndi of Other £lemonti. 

196. Silioon lulphido, SiSa , is produced when carbon bisulphide vapor 
is led over a mixture of charcoal and silica at red-heat. It forms long, 
silken needles, which are broken up by water into SiOs aq and hydrogen: 
solphide. 

aUloon nitrido, Si«Ns , a white amorphous substance, results from th6< 
heating of silicon in an atmosphere of nitrogen. (For metal silicides </.. 
S 190.) 
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OEBMAKIUM. 

197. This element is of extremely rare occurrence. It was discovered 
by Winkler in an argentiferous mineral, argyrodite, GeSs.SAgsS, found 
in Freiberg in Saxony. Germanium is obtained from the mineral by 
heating it with hydrogen or carbon. It forms grayish white octahedrons 
with a metallic lustre and a specific gravity of 5.460 at 20". It melts at 
900". At ordinary temperatures it is unaffected by the air ; at red-heat it 
burns, forming white fumes of germanium oxide, GeOa. Like silicon, 
germanium is insoluble in hydrochloric acid ; nitric acid, however, converts 
it like tin into the hydrate of a dioxide. It is dissolved by molten alka- 
lies. It does not color the flame of a Bunsen burner but it gives a spark- 
spectrum (§ 268). Two series of compounds of this element are known, 
which are derived from the oxides GeO and GeOi ; the ous compounds 
are easily oxidized to the higher form, germanic acid. No hydrogen com- 
pounds are known. 

Of the chlorine compounds GeCli is little studied; GeCU, 
germanie oUorido, can be prepared directly from the elements. Finely 
powdered germanium takes fire in chlorine. GeCU is a very mobile liquid, 
which fumes in the air and boils at 87". It is broken up by water, form- 
ing Ge(0H)4. 

Oermaninm tatraflnorido. GeFi , a gas, behaves just like SiF« in the pres- 
ence of water ; the hydroflaogermanio aoid is formed, whose potassium salt is 
likewise rather insoluble. 

Oxygon Gompoandf of Oormaniam. 

Gonnaniono ozido, GeO, is produced by heating the corresponding 
hydroxide ; it is a steel-gray powder. Ge(OH)« forms when potassium 
hydrate is added to the solution of the dichloride. 

Oermaninm dioxido, GeOi , is also produced by heating the corresponding 
hydroxide, or by roasting the element or its sulphide or by treating it with 
nitric acid. It is a white powder of a specific gravity of 4.703 at 18* and 
unaffected by heat. It is slightly soluble in water (1 part in 95 parts of 
water at 100") and imparts to it an acid reaction. The hydroxido has an 
entirely acid character, since it only forms salts with bases. It dissolves in 
carbonates when fused ; it is insoluble in acids. 

Snlphnr Compounds of Oermaninm. 

Oermanions inlphide, GeS, is produced by heating the sulphide in a car- 
rent of hydrogen and can therefore be obtained directly from argyrodite. 
It sublimes in thin plates that are grayish black and of a metallic lustre in 
Reflected light and yellovsish red in transmitted light. 

Oermaninm disnlphide, GeSi, separates as a white precipitate, when 
hydrogen sulphide is passed into the solution of germanium dioxide in 
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strong hydrochloric acid. In moist air it decomposes, giving off hydrogeu 
sulphide. It dissolves in alkalies and alkali sulphides to form sulpho-salts. 
For germaniam </. also § 218. 

Tnr. 

108. This metal is not yery widely distributed on the earth; in 
some places, however, it is found in quite large quantities. The 
principal tin-mines of Europe are those in Cornwall ; even the 
Phoenicians obtained tin there. The mosfc important present looali- 
ties are on the group of islands lying east of Sumatra (Banca, Bil- 
liton, Sinkop, etc.) There the metal occurs in the form of tin- 
stone {cassiterite^ SnO,) ; it is found in quadratic crystals, which 
are usually colored brown or black by a small amount of iron. In 
order to extract the metal, the ore is at first roasted, to eliminate 
any sulphur or arsenic it may contain, and then reduced with car- 
bon. Tlie tin thus obtained is refined by liquation, i.e. by fusing 
again at a low temperature and pouring it off from the less fusible 
alloy of tin with iron and arsenic. It is then melted once more 
and stirred with a wooden pole (branch of a tree), whereby the 
oxide still remaining is reduced. The Banca tin is nearly chemic- 
ally pure. 

Physical Properties. — Tin is a silvery-white metal, melting at. 
232.7° and volatilizing between 1450° and 1600°. Sp. g. = 7.293 
at 13°. It has a crystalline structure which can be made visible 
by moistening with hydrochloric acid, whereupon peculiar frost- 
like etch-figures are produced on the surface (tin-moir6e). When 
tin is bent, a peculiar crackling sound (cry of tin) is heard, which 
is probably caused by the grating of the crystal faces on each other. 
Tin is very malleable and ductile ; it can be beaten into very thin 
leaves {tin-foil) at the ordinary temperature, and at 100° it can be 
drawn out into wire. At a very low temperature, quickest at — 48° 
and in contact with an alcoholic pink-salt solution (§ 201), tin 
passes spontaneously into another modification, gray tin, which has 
a lower specific gravity, 5.8. Above 20° this form changes back to 
white tin. If the latter is brought in contact with gray tin at ordi- 
nary temperatures (below + '^O")* i^ turns very slowly into gray 
tin, falling to powder (this phenomenon is called the tin-pest). If 
it is not in contact with the gray modific9.tion, the transformation 
does not take place at all at ordinary temperatures, or at least not 
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for centuries. Evidently there is a transition-point of the two 
forms at 20°, and we are forced to the odd conclusion that, except 
on warm summer days, all the tin in the world is in the metastable 
condition (§ 237). 

At 200° it is brittle and can be easily pulverized. This is prob- 
ably due to still another allotropic form. 

Cliemical Properties, — Tin is unaffected by the air at ordinary 
temperatures ; if heated strongly, it burns with an intense white 
light to tin oxide, SnO,. Hydrochloric acid dissolves it, forming 
stannous chloride and hydrogen. It is also attacked by nitric acid 
(§ 201). A boiling solution of caustic soda or potash converts it 
into a stannic acid salt (s t an n a t e) with the evolution of hydrogen : 

Sn + 2K0H + H,0 = K,SnO, + 2H,. 

In the presence of weak acids (acetic acid) and alkalies it is very 
stable. 

199. Uses. — On account of its permanence tin is used as a pro- 
tective covering for metals which are attacked by the air and the 
above-named agencies. Many kitchen utensils are *^ tinned. " Sheet 
iron is covered with a layer of tin, to protect it from rusting 
(§ 280), and is then known as tin plate, or sheet tin. This is done 
by simply dipping the sheet iron, which has been cleaned by hydro- 
chloric or sulphuric acid, in molten tin. 

Many alloys of tin are in use. Solder consists of tin and lead 
(in the ratio 2 : 1 or 1 : 1 or 1 : 2), and is harder than either of its 
components but more easily fusible. The alloys of copper and 
tin are called broiizes ; their composition varies according to the 
purpose they serve. At present the bronzes usually contain a 
little lead and zinc as well. Bronze is hard and tough, can be 
easily worked and fuses to a mobile liquid, hence it is particularly 
suitable for casting. Gun metal contains 90^ copper and 10^ tin ; 
bell metal 20-25^ tin, the rest being copper. Phosphorus bronze is 
prepared by fusing copper with tin phosphide (§ 202). The result- 
ing mass is remarkably homogeneous and contains 0.25-2.5^^ 
phosphorus and 5-15j^ tin. Its great hardness and firmness render 
it especially valuable for certain parts of machines (axle-bearings). 
Silicon bronze contains silicon in place of phosphorus, is very hard 
and conducts electricity well, hence it is used for making telephone 
wire. Tin amalgam forms the metallic coating of min-ors. 
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Compounds of Tin. 

Tin forms two sets of compounds ; they correspond to the oxy- 
gen compounds, stamious oxide, SnO, and stannic oxide^ SnO,. 

8TAHH0US COMPO0VB8. 

200. Stannous cUoride, SuCI,, is prepared by dissolving tin in 
hydrochloric acid: 

Sn + 2HCl = 2SnCl, + H,. 

It crystallizes with two molecules of water, which are given off at 
100°. It is very readily soluble in water (1 part in 0.37 at ordinary 
temperatures). Anhydrous stannous chloride is white and trans- 
parent; it melts at 250° and boils at 606°. A little above the boil- 
ing-point the vapor density corresponds to the formula Sn,Cl^; above 
900°, however, to SnCl,. 

The aqueous solution acts strongly reducing. It absorbs oxy- 
gen from the air with the partial formation of basic chloride (a white 
j)owder), if the liquid is not too acidic: 

3SnCl, + H,0 + = SnCl, + 2Sn(0H)Cl. 

Bavic chloride. 

But, if the liquid is strongly acid^ the tetrachloride SnCl^ is also 
formed in this oxidation. 

This same basic chloride also results from bydrolytic dissociation, when 
a neutral staunons chloride solution is strongly diluted. 

SnCU + aq = Sn(OH)a + HCl + aq. 

The reducing power of stannous chloride is farther seen in its 
tiction on potassium permanganate, potassium bichromate, cupric 
chloride, mercuric chloride, etc., all of which are converted into 
lower stages of oxidation in acid solution. 

It may be remarked here that, from the ionic point of view, 
oxidation amounts in many cases to raising an ion to a higher posi- 
tive potential, and reduction to the reverse. Let us consider, for 
instance, the reaction between stannous chloride and mercuric 
chloride. This can be expressed by the equation : 

SnCl, + HgCl, = SnCl, + Hg. 

Stannous chloride is oxidized to staunic chloride ; at the same time 
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mercuric chloride is ** reduced " to the metal. Written in ions, 
this equation becomes 

Sn" +Hg" = Sn-"-hHg, 

tliat is, the electrical charge of the mercury ion is taken by the 
bivalent tin ion, the former losing its electrification. 

Another example is the action of chlorine on stannous chloride^, 
by which the latter is ''oxidized " to stannic chloride: 

SnCl,+ Cl, = SnCV 
The ionic reaction is 

Sn-.+ 2Cr + CI, = Sn- + 4C1'. 

Tin takes up two more positive charges, but this necessitates that 
the two Cl-atoms become ions; they thus require two negative 
charges; but when these are formed two positive charges are ob- 
tained at the same time. 

In the preparation of chlorine, hydrochloric acid is "oxidized^' 
by manganese dioxide: 

MnO, + 4HC1 = MnCl, + 2H,0 + CI, , 
or MnO, + 411 + 4C1' = Mn ' + 2Cr + 2H,0 + CI,; 

the positive charge of the four H-ions is thus transferred, half to 
the manganese and the rest serving to discharge two chlorine ious, 
i.e. to equalize their negative charges. 

Various double salts of stannous chloride are known, e.g. 
SnCl,.2KCl; SnCl,.2NH,Cl. 

Stannous hydrate, Sn(OH),, is precipitated when a solution of 
stannous chloride is treated with soda: 

SnCl, + Na,CO, + 11,0 = Sn(OH), + 2NaCl + CO,. 

This hydroxide is insoluble in ammonia, but soluble in alkalies; 
when the latter solution is boiled, tin is deposited and alkali stan- 
nate, e.g. KjSnO^, formed. The hydrate is also soluble in acids, 
thus dis])laying a basic as well as an acidic nature. Stannons 
oxide is obtained by heating the hydroxide in a current of car- 
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bon dioxide; it is a dark-brown powder, which takes fire in the air, 
burning to stannic oxide, SnO,. 

Other salts of stannous oxide than the above-mentioned stannous 
chloride are also known. The sulphate, for instance, is obtained by dis- 
solving the hydrate or the metal in dilute sulphuric acid. It forms a basic 
salt readily. 

Stannous sulphide, SnS, falls down as an amorphous brown 
powder when hydrogen sulphide is passed into the solution of stan- 
nouB salts. It is insoluble in potassium sulphide, K,S. Neverthe- 
less, it dissolves to form a sulpho-stannate, when brought in con- 
tact with the poly sulphide of ammonium or potassium, K^S^. 
{x = 2-5). 

SnS+K.,S, = K,SnS,. 

Stannous sulphide can also be prepared by fusing tin with sul- 
phur. It then forms a bluish-gray crystalline mass. 

STANNIC COMPOUNDS. 

201. Stannic chloride, SnCl^, was prepared as early as 1605. It 
was named spiritus fumans Lihavii after its discoverer. It is 
obtained by the action of clilorine on tin or stannous chloride. 
Stannic chloride is a liquid which fumes strongly in the air; 
it boils at 113.9°, and has a specific gravity of 2.234 at 15°. 
When brought in contact with a little water or on taking up moist- 
ure from the air, it goes over into a semi-solid, crystallized mass, 
SnCl^- 311,0, the so-called tin-btitter, A fresh solution of stannic 
chloride is a very poor conductor of electricity. However, the con- 
ductivity increases slowly at ordinary, faster at higher, tempera- 
tures; after several days it reaches a maximum. In the case of 
more dilute solutions this maximum is much higher. These facts 
can only be explained by assuming that the SnCl^ molecule is not 
capable of ionization, but that it reacts with water in the following 
way: 

SnCl, + 4H,0 ;2 Sn(OH), + 4HC1. 

It is the liberated hydrochloric acid that causes the conductivity. 
The solution contains tin hydroxide in the colloidal state. The 
water has thus split up stannic chloride into a basic hydroxide and 
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an acid. We shall meet with still more examples of such a reaction, 
which is called a hydrolysis (see § 239). 

Stannic chloride forms well-crystallized double-salts with the 
alkali chlorides, e.g. SnCl,.2KCl and SnCl,.2NH,Cl. The latter 
is known as "pink salt (because of its color) and is used as a mor- 
dant in dyeing. Tin tetrachloride also unites with the chlorides of 
the metalloids to form crystallized substances, e.g. SnCl^-PCl^; 
SnCl^- POClj; SnCl^« SCl^, etc. It combines with hydrochloric acid, 
forming a leafy-crystalline mass, H,SnClj-6 aq, which melts at 9**. 

Tin fluoridt, SnFi, itself is not known, but there is a compound, EsSnFe, 
which corresponds to potassium fluo-silicate ; the salts of hydfofluostannic 
acid are isomorphous with the analogous silicon compounds. 

Stannic oxide, SnO,, can be prepared synthetically by heating 
tin in the air. It is an amorphous white powder, insoluble in acida 
and alkalies ; the latter, however, dissolve it, when fused, forming 
stannates. 

Stannic Acid and Metastannic Acid. — The hydroxides corre- 
sponding to SnO, have only very weakly basic properties ; here the 
acidic properties are prominent. The normal hydrate, Sn(OH)^, is 
unknown, but there is a hydrate of the empirical composition 
TI,SnO,( = Sn (OH)^ — H,0), corresponding to carbonic acid, 
H,CO,. Strangely enough this exists in two modifications, which 
differ from each other both chemically and physically; they are 
called stannic and metastannic acids. 

The stannic acid is precipitated when ammonia is added to an 
aqueous solution of stannic cliloride or hydrochloric acid to a potas- 
sium stannate solution. This precipitate reacts acid when moist 
and is soluble in concentrated hydrochloric and nitric acids, as well 
as in alkalies. It gradually changes into metastannic acid. 

Metastannic acid is generally prepared by treating tin with 
strong nitric acid ; it is then formed in a vigorous reaction as a 
dense white powder. Metastannic acid is insoluble in sodium 
hydrate, but nevertheless unites with it to form sodium metastan- 
nate; this is dissolved by water, albeit with difficulty, but is insolu- 
ble in the caustic soda solution. When boiled with hydrochloric 
acid, metastannic acid goes over into a chloride, which is insoluble 
in the concentrated acid but soluble in water. This solution does 
not contain the ordinary tin chloride, but another one, met a- tin 
chloride, having, however, the same composition, SnCl^. It is 
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distinguished from the ordinary stannic chloride by giving a yellow 
coloration with stannous chloride solution; the solution of the ordi- 
nary chloride does not do this till after some time, during which 
the metachloride is formed in it. 

Stannic acid and the corresponding chloride thus pass over into 
the meta-compounds spontaneously; on the other hand, metastan- 
nic acid can be converted into the ordinary tin compounds by boil- 
ing it for some time or fusing it with a caustic alkali. 

The diffei*eDue between stannic and metastannic acids was set forth by 
Berzeuus as early as the beginning of the nineteenth century ; neverthe- 
less we are still without a satisfactory explanation of the matter. Inas- 
much as the salts of metastannic acid, however, have in general a very 
complicated composition, similar to the polysilioates (§ 195), it is probable 
that metastannic acid is a polymer of the ordinary stannic acid, i.e. that 
its molecule is represented by (HsSuOOx * stannic acid itself being HsSnOt. 

Of the salts of stannic acid, the sodium stannate, Na,SnO, + 
3H,0, is especially well known. It comes on the market under the 
name of '' preparing-salt '' and is used as a mordant in dyeing. It is 
made by fusing tin-stone with caustic soda and crystallizes in hex- 
agonal crystals, which are more soluble in cold than in warm water. 

202. Stannic sulphide, SnS, , falls out as a yellow amorphous 
powder, when hydrogen sulphide is passed into the acid solution of 
a stannic compound. It can be synthesized by heating tin amalgam 
with sulphur and ammonium chloride, being thus obtained in the 
form of transparent golden leaves and known as aurum musivum, 
or mosaic gold ; it is used for gliding. Stannic sulphide is a salpho- 
anhydride ; the corresponding sulpho-acid, H,SnS, , is not known 
in the free state, but exists in the form of salts. 

Sodium sulphostannate, Na,SnS, + 2H,0, crystallizes in color- 
less octahedrons. When its solution is treated with an acid, stan- 
nic sulphide is precipitated. 

Tin phofphide serves, as was stated above, for the manufacture of phos- 
phoras bronze. Of the various compounds of tin and phosphorus the best 
known is the compound SntP. It forms a coarsely crystalline mass, which 
melts at 170% 
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LEAD. 



203. Among the lead ores the most important is galenite (PbS) ; 
it occurs in regular crystals (cubes) of a* graphitic color. Other 
ores are cerussiie (PbCO,), crocoite (PbCrOj, wulfenite (PbMoOJ, 
etc. For the extraction of the metal galenite is used almost exclu* 
sively. This is roasted to convert the sulphide partially into oxide, 
and partially into sulphate : 

PbS + 30 = PbO + SO,; PbS + 20, = PbSO,. 

In roasting care is taken that a considerable portion of the ore re- 
mains as sulphide. On farther heatings the latter reacts with the 
oxygen compounds in the following way: 

2PbO + PbS = 3Pb + SO,; and PbSO, + PbS = 2Pb + 2S0,. 

Physical Properties. — Lead is a soft ductile metal of a bluish 
color. On exposure to the air it loses its lustre rapidly^ bocoming^ 
coated with a very thin layer of oxide. It has a specific gravity of 
11.254, melts at 334°, and at white heat distills. 

Chemical Properties. — The thin coating formed by the oxide on 
the brilliant surface of the metal protects the lead from further at* 
tack by the air. If, however, it is prepared in a very finely 
divided state, e.g., by heating lead tartrate or citrate in the absence 
of air, it takes fire in the air even at ordinary temperatures. This 
is called pyrophorus. (Other metals also can take on this same 
condition when they are reduced in a similar way to such a fine 
state of division.) When lead is melted, it becomes coated with red 
oxide of lead ; by constantly removing the latter, the lead can be 
entirely oxidized, A compact mass is unaffected by sulphuric or 
hydrochloric acid, but, when finely divided, it reacts to form the 
corresponding salts. Nitric acid easily dissolves it to form the ni- 
trate. Acetic acid and various vegetable acids attack it; since all 
lead salts are very poisonous and very serious effects result from 
chronic poisoning with insignificant but successive amounts, it is 
not admissible to use tin containing lead in tin-plating vessels for 
use in the kitchen. 

Zinc and iron precipitate the metal from solutions. A piece of 
zinc becomes covered with a dendritic crystalline mass ("lead 
tree"). This reaction can be expressed by : 
Zn + Pb*=Zn"+Pb, 
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i.e. zinc is changed into the ionic condition, and the lead ions are 
discharged. How it comes about that one metal thus assumes the 
electrical charge of another may be explained by a hypothesis of 
Nebnst. His supposition is that every metal on coming in con* 
tact with water or a solution tends to send positive ions into it. 
The force, however, with which this electrolytic solution-tension 
asserts itself differs greatly for different metals; it is much larger 
for zinc than for lead. Thus, when a piece of zinc is introduced 
into solution containing lead ions, zinc ions are forced into the solu- 
tion, the piece of zinc itself assuming a negative charge. The lead 
ions are now able to discharge themselves on the piece of zinc, and, 
as they are not driven back into the solution with the same force as 
the zinc ions, the result must be that all the lead ions disappear and 
are replaced by zinc ions (see also § 276). 

Distilled water, from which the air has been entirely removed 
by boiling, has no effect on lead, but the simultaneous action of air 
and water produce lead hydroxide, which is somewhat soluble in 
water. This hydroxide is converted into insoluble basic carbonate 
by carbonic acid. 

From a hygienic standpoint these properties of lead are of vast impor- 
tance, because drinking-water is quite universally conducted through pipes 
made of lead or matenal containing lead C* compo-pipes "). The absorption 
of lead from such pipes by water and the continuation of the process de- 
pends in a large measure on the proportion of salt in the water. As a rule, 
the less of salts it contains, the more lead it takes up. Bain-water, which is 
almost entirely free from solid matter, but contains oxygen, carbon dioxide 
and traces of ammonia, is, therefore, most likely to dissolve lead. The lead 
eave-troughs, etc., which were once extensively used, should, therefore, be 
rejected, in case the rain-water is used for drinking. Well-water usually 
contains acid calcium carbonate and gypsum ; as a result, the lead pipes 
soon become coated with an insoluble layer of lead sulphate and basic car- 
bonate (as well as calcium carbonate), so that after a while the lead can 
no longer be absorbed by the water. 

Lead is used for many purposes, not only in the elemental con- 
dition, but also in the form of alloys (see § 199). 

Oxides of Lead. 

204. The following oxides of lead are known: Pb,0, PbO, 
Pb,0,> Pb,0,, PbO,. 

Lead snbozido, PbsO, is a velvet-black powder, which readily turns to 
lead oxide on heating in the air. 
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Lead oxide, PbO, is the only one of these oxides with basic prop- 
erties. It is formed by direct synthesis from its elements (§ 203). 
It is fusible, and congeals again to a reddish-yellow mass called 
litharge. By carefully heating lead, lead hydroxide or lead nitrate, 
the oxide is obtained as an amorphous brown powder {massicot). 
It is somewhat soluble in water, forming the hydroxide. It dis-^ 
solves in caustic potash, and crystallizes out in rhombic prisms on 
cooling. 

Lead hydroxide, Pb(OH), , is formed by precipitating a lead 
solution with an alkali. It is soluble in caustic alkalies, but insolu- 
ble in ammonia. On being warmed to 145^ it gives up water and 
turns to oxide. It is somewhat soluble in water, imparting to the 
latter an alkaline reaction, and absorbs carbon dioxide from the air.. 

Minium, Pb,0^ , is prepared by heating lead oxide or white lead 
in the air for quite a while at 300-400®. It has a pretty red color, 
and is therefore used as a pigment in painting. Gentle heating^ 
makes the color a brighter red at first; stronger heating turns it 
violet and finally black ; on cooling, however, the original color re- 
turns. By treating it with dilute nitric acid, lead nitrate and 
lead peroxide are formed, hence minium may be regarded as 
2PbO.PbO,. 

Lead peroxide, PbO, , is obtained in the way just stated ; more 
easily, however, by passing chlorine into an alkaline lead solution 
or adding a hypochlorite to a lead salt, thus: 

2PbCl, + Ca(OCl), +2H,0 = 2PbO, + CaCl, + 4HC1. 

Milk of lime is then added to form a salt of the free acid. 

Lead peroxide is an amorphous dark-brown powder. It has the 
property, common to most peroxides, of giving up oxygen easily. 
At an elevated temperature it splits up into lead oxide and oxygen. 
On warming it with sulphuric acid, lead sulphate and oxygen are 
formed; on warming with hydrochloric acid, lead chloride and 
chlorine are produced. 

Lead peroxide, like CO, and SnO, , has the character of an acid 
anhydride ; it is soluble in hot concentrated potassium hydrate and 
this solution, on cooling, deposits crystals of the composition 
KjPbO, + 311,0 (which are thus entirely analogous in composition 
to potassium stannate). This plumbateis easily decomposed by 
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water iuto potassium hydrate and lead peroxide. If we regard lead 
peroxide as an acid anhydride, minium can be considered as the 
lead salt of the normal plumbic acid, Pb(OH)^, i.e. Pb,-PbO^. 
This idea is confirmed by the following method of formation : If a 
solution of lead oxide in potassium hydrate is added to a solution 
of the plumbate K,PbO, , a yellow substance is precipitated having 
the composition PbjO^«H,0, which gives off water readily and forms 
minium. 

If a mixture of litharge and calcium carbonate is heated in a current of 
air at 700*", carbou dioxide is given off, oxygen absorbed and calcium 
plumbate, GaPbOs, formed. If this plumbate is treated with carbon 
dioxide at about the same temperature, calcium carbonate and lead oxide 
are again formed, while oxygen escapes. This process (discovered by 
Kassner) serves for the commercial manufacture of oxygen. The latter is 
brought on the market compressed in iron bottles (c/. also § 262). 

The oxide Pb^O, is obtained by adding sodium hypochlorite to 
a solution of lead oxide in potassium hydrate. It can be regarded 
as the lead salt of a lead acid, H,PbO, , i.e. as Pb'PbO, , for, on 
treatment with dilute nitric acid PbO (the anhydride of H,PbO,) 
and lead nitrate are formed. 

Halogen Compounds. 

206. The halogen compounds of lead having the formula PbX, 
are difficultly soluble in cold water; lead fluoride is almost insoluble 
and the solubility of the three others decreases with increasing 
atomic weight of the halogen. 

Lead chloride, PbGl,, is obtained as a white precipitate when 
dilute hydrochloric acid is added to the solution of a lead salt. At 
12.5° it dissolves in 135, at 100» in less than 30, parts of water 
and crystallizes from the hot solution in the form of white silky 
needles or lamellsB. If an aqueous solution of lead chloride is treated 
with dilute hydrochloric acid, lead chloride is precipitated, for by 
the addition of Cl-ions the solubility product of lead chloride is 
exceeded ; nevertheless, lead chloride is easily soluble in concentrated 
hydrochloric acid. This must be due to the formation of a com- 
pound of the chlorides of lead and hydrogen, an analogue of which 
has been found in PbI,HI + 10H,0, which has been isolated. A 
characteristic compound of lead is the iodide Pbl, , which is pre- 
cipitated from lead solutions by potassium iodide. It is scarcely 
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soluble in cold, moderately soluble in hot water. It crystallizes out 
of a solution in dilute acetic acid in beautiful crystal flakes with a 
golden lustre. 

Lead tetraehlorida, PbCh , is formed when a solation of lead dichloride 
in strong hydrochloric acid is saturated with chlorine. From this liquid 
ammonium chloride precipitates a lemon-yellow crystalline substance, 
SNH4CI • PbCU , having a composition analogous to pink salt (§ 201). 

Other Lead Salts. 

206. Lead nitrate, Pb(NO,), , is obtained by dissolving lead in 
dilute nitric acid. It is colorless, crystallizes isometric (regular) 
and is soluble in 8 parts of water. Heating decomposes it (§ 122). 
Several basic lead nitrates are known. 

Lead sulphate, PbSO^ , is practically insoluble in water and can 
therefore be obtained by precipitating a lead solution with dilute 
sulphuric acid or a soluble sulphate. It occurs as a mineral in 
crystallized form under the name of anglesite; it is isomorphous 
witli the sulphate of barium, barite. Lead sulphate is soluble in 
concentrated sulphuric acid ; hence the crude acid which is con- 
centrated in lead pans (§ 186, 3) contains lead sulphate; this is 
precipitated on diluting the acid with water. It is dissolved by 
concentrated alkalies. Ignition with charcoal easily reduces it to 
sulphide. 

Lead persulphate, Pb(SOJ, , can be obtained by the electrolysis of 
strong sulphuric acid (sp. g. 1. 7- 1.8) between electrodes of lead. 
The salt separates from the acid around the anode. It has not 
been obtained quite free from lead sulphate. It is a white granular 
substance. Water decomposes it readily into sulphuric acid and 
lead peroxide. It has strong oxidizing properties. 

Lead carbonate, PbCO,, is deposited when a " solution of the 
nitrate is treated with ammonium carbonate. White lead, a basic 
carbonate, is used extensively as a pigment. However, it soon 
turns black, if any hydrogen sulphide (from drainage pipes, etc.) 
comes in contact with it; moreover, it is injurious to the health, 
because it comes off of the painted walls in the form of dust and 
gets into the lungs. White lead is particularly valuable for its 
covering-2)ower, i.e. the painted surface appears perfectly white 
when covered with only a very thin layer of the pigment; it is 
much greater than that of other white pigments, such as white zinc 
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and barite, which are frequently substituted for white lead because 
they are harmless. 

The manufacture of white lead is still carried on extenslTely 
after the Dutch method. This consists in placing rolls (" buckles **) of 
lead plate into jars containing a little acetic acid. The vessels are loosely 
covered with a leaden lid and buried in a heap of horse-manure. The 
heat generated by the decaying manure causes a part of the acetic acid to 
evaporate and converts the lead into basic lead acetate. The latter is then 
transformed to white lead by the carbon dioxide given off from the decay- 
ing heap. After about five or six weeks the plates are almost entirely 
changed to white lead. This is then ground moist, washed out (to remove 
any acetate) and dried, whereupon it is sent to the market. 

Lead sulphide, PbS^ is black and comes down amorphous when 
hydrogen sulphide is passed into a lead solution. A liquid contain- 
ing only traces of lead is colored brown by sulphuretted hydrogen; 
this is a very delicate means of testing for lead. Strong nitric acid 
oxidizes it readily to lead sulphate. 



STTHKA&T OF THE CABBOV OBOTTF. 

207. The elements carbon, silicon, germanium, tin and lead 
form a natural group, as may be seen from a comparison of their 
physical and chemical properties. In the following small table the 
most important physical constants are summarized ; here, as in 
other natural groups, the gradual change of these constants with 
the rise of the atomic weight is very manifest: 





C. 


Si. 


Oe. 


Sn. 


Pb. 


Atomic weight 
Specific gravity 
MeUinir-Doint.. 


12.00 
( 8.6 f 


28.4 
2.49 
very high 


72 
5.5 
circa 900- 


118.5 
7.29 

288*^ 

circa 1500- 


206.9 
11.89 
884'' 


Boiling-point... 


ahoveSOOO' 


circa 1600* 









With respect to the chemical properties we note in the first 
place that all these elements have the same compound types, MX, 
and MX^; in other words, that they are bi- or tetri-valent; this is 
even true of lead (PbO, , PbCl^ , etc.), which does not fit into the 
table of physical properties with its boiling- and melting-points. 
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Moreover^ there is to be noted in general a transition from metal- 
loid to metallio character^ as is plainly shown by the following 
facts: 

1. Only carbon and silicon are known to form hydrogen com- 
pounds (of an indifferent nature). 

2. Of the oxygen compounds of the MO type, that of carbon is 
indifferent and the others (no such compound of silicon is known) 
grow more basic in character as the atomic weight increases, lead 
hydroxide having quite strongly alkaline properties. 

3. The oxygen compounds, BO,, however, are decidedly acidic 
in character in the cases of carbon and silicon and also in the case 
of germanium, while in that of lead the salts of the acid H,PbO^ 
are immediately decomposed by water, so that here the acid proper- 
ties appear much weakened. 

4. As to the halogen compounds, those of carbon (CX^) are un- 
affected by cold water — perhaps because of their insolubility in it ; 
the other halogen compounds, MX^ are decomposed by water. 

Lead, in some of its physical and chemical properties, does not display 
the gradation which is ordinarily met with in the elements of a group. 
This phenomenon is* quite often observed in elements of very high atomic 
weight. In the nitrogen group we saw it in the case of bismuth. 

METHODS OF DETEEMIKIHO ATOMIC WEIGHTS. 

208. So far only one method of determining the atomic weight 
has been mentioned (§ 34). This consists in investigating as large 
as possible a number of gaseous compounds of the element as to 
their vapor density and empirical composition and then calculating 
how many grams of the element are contained in a gram-molecule 
of the various compounds. This method is quite general. 

There are, however, other methods. None of them are so 
generally applicable as this, but they have been of great value in the 
many cases in which they could be used. They furnish a very val- 
uable check on the determinations made by the general method. 
These methods are based on the following laws : 

1. The law of DtTLOKO and PETIT. The product of the atomic 
weight of a solid element and its specific heat is about 6,4' This 
follows from the table opposite. 
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Element. 



Hydrogen 

Litbiam 

Beryllium. 

Boron « . 

Sodium 

Magnesium 

Aluminium 

Silicon 

PhoeplioruB 

Sulpliur 

Potassium 

Calcium 

Scandium 

Chromium • . 

Manganese 

Iron 

Cobalt 

Kickel 

Copper 

Zinc 

Gallium 

Germanium. 

Arsenic 

Selenium 

Bromine 

Zirconium 

Molybdenum 

Ruthenium 

Rhodium 

Palladium 

Silver 

Cadmium 

Indium.^ 

Tin 

Antimony 

Tellurium 

Iodine 

Lanthanum 

Cerium 

Tunffsten* 

Osmium 

Iridium 

Platinum 

Gold 

Mercury 

Thallium 

Lead 

Bismuth 

Thorium 

Uranium 



Sp.Q. 



5.880 

0.941 
0.408 

0.254 

0.174 
0.143 

0.298 
0.250 
0.214 
0.165 

0.189 

0.178 
0.166 
0.170 
0.158 
0.121 
0.122 
0.114 
0.107 
0.108 
0.095 
0.094 
0.079 
0.077 
0.082 
0.080 
0.084 
0.066 
0.072 
0.061 
0.058 
0.059 
0.057 
0.054 
0.057 
0.054 
0.051 
0.047 
0.054 
0.045 
0.045 
0.088 
0.081 
0.082 
0.082 
0.082 
0.082 
0.083 
0.031 
0.030 
0.027 
0.027 



At. Wt. 



1.01 

7.08 
9.1 

11 

|l2.00l 

28.05 
24.86 
27.1 
28.4 

81.0 

82.06 

89.15 

40.0 

44.1 

52.1 

55.0 

56.0 

59.0 

58.7 

68.6 

65.4 

70 

72 

75 

79 

79.96 

90.7 

96.0 
101.7 
108.0 
106 
107.98 
112.4 
114 
118.5 
120 
127 
126.85 
188.0 
140 
184 
191 
198.0 
194.8 
197.2 
200.8 
204.1 
206.9 
208.5 
232.6 
239.5 



Prod- 
uct. 



5.9 

6.6 
3.7 

2.8 

2.1 

1.7 

6.7 
6.1 
5.8 
4.6 

5.9 

5.7 
6.5 
6.8 
6.7 
6.8 
6.7 
6.4 
6.3 
6.4 
6.0 
6.1 
5.5 
5.6 
6.9 
6.3 
6.7 
6.0 
6.9 
6.8 
6.0 
6.0 
6.1 
6.0 
6.5 
6.5 
6.1 
6.0 
6.8 
6.2 
6.8 
6.1 
5.9 
6.1 
6.2 
6.3 
6.4 
6.7 
6.4 
6.2 
6.2 
6.5 



Remarks. 



Investijfated in its Pd alloy 
(§ 815). 

Sp. H. at 257- = 0.58; prod. = 

5.2. 
Amorphous. Sp. H. at 400* = 

0.58; prod. = 6.4. 

Above 900' Sp. H. =0.459; 
prod. =5.6. 



Crystallized. Sp. H. above 200^ 
= 0.204; prod. = 5.8. 

Yellow. Sp. H. of red P ss 
0.1698; prod. = 5.24. 

Rhombic. 



CrystallhMd. 

Do. 

Solid. 



Solid. 
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Most of the yalnes of the product lie, as the table shows, yerj 
close to 6.4; the maximum is 6.9, the minimum 5.0. Calling this 
product the atomic heat, we can express the law of Dulong and 
Petit in the following simple way: The atomic heat of the solid ele- 
ments is approximately constant and is about 6.4. 

A few deviations have been pointed out in the last column; in 
such cases it has frequently been found, however, that at an in- 
creased temperature the atomic heat approaches the value 6.4. 
This is probably due to the fact that at the temperature (room-tem- 
perature) at which the measurements of the specific heat of the ele- 
ments have been mainly carried out, the elements are not all in 
the proper physical condition for comparison. It is notably the 
elements with atomic weights under 35 that show the greatest de- 
viations. 

It is an interesting fact that there is a certain regularity to be found 
in these irregularities. The latter become more marked as the valence 
increases. 



Element Li 

Valence 1 

Atomic heat 6.6 



Be B C 
2 8 4 
8.7 2.8 1.9 



Na 

1 

6.7 



Mg 

2 

6.1 



Al 

8 

6.8 



Si 
4 
4.6 



P S 
8(5) 2(4,6) 
6.9 5.7 



It is easy to see how the law of Dulong and Petit can be 
made use of for the determination of atomic weights. Inverting, 

we have 



Sp.H. 



= At. wt. 



Of course the result thus obtained is only approximately 
correct, for the product 6.4 is not strictly constant. The method 
is, however, reliable enough to determine what multiple of the 
equivalent weight (§ 23), the exact value of which can be found 
by analysis, is the atomic weight. 

209. 2. Closely connected with the law just enunciated is that 
of Neumann, which has been more carefully investigated by Reo- 
nault and Kopp. This law says that in solid compounds each 
element has a constant atomic heat^ which varies but little from that 
of the free element. The molecular heat is therefore equal to the 
sum of the atomic heats. If the molecular heat of solid compounds 
is divided by the number of atoms, the quotient must be about 6.4. 
In reality this quotient proved to be: for bromine compounds 
RBr, 6.9; for RBr, 6.5; for iodine compounds RI, 6. 7; RI„6.5. The 
law of Neumann likewise holds for many elements whose specific 
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heat in the solid state has not been ppssible to determine, thus e.g. 
for chlorine compounds: for BCl compounds the quotient referred 
to was 6.4, for ECJ„ 6.2, for certain double chlorides, 6.1-6.2. For 
other elements like oxygen, the atomic heat found from the molecular 
heat of the compounds is constant, but it is about 4.0 instead of 
about 6.4. The same is true of hydrogen, whose mean atomic heat 
in solid compounds is 2.3. These figures were found by determin- 
ing the molecular heat of varioas oxygen or hydrogen compounds 
and subtracting from it the known atomic heats of the other* ele- 
ments. If the atomic heat thus obtained is divided by the atomic 
weight, we have the specific heat of the element in its compounds. 
The way in which the law of Neumann can be applied to 
atomic weight determinations is illustrated by the following ex- 
ample : 

The problem is to determine the atomic weight of calciam with the 
help of the specific heat of sulphate of lime, CaS04 , which amounts to 
0.1966 according to Reqnault. 

Analysis has shown that 1 kg. anhydrous calciam sulphate contains 

0.294 kg. calcium, 0.285 kg. sulphur and 0.471 kg. oxygen. The atomic 

heat of oxygen in compounds is 4.0 (see abo?e)» and, since its atomic weight 

40 
is 16, the specific heat of oxygen in its compounds is -Tg = 6.25. In the 

same manner it is found that the specific heat of sulphur in compounds is 

5i = 0.169. 
82 

The heat-capacity of 0.285 kg. sulphur in compounds is therefore 

0.285 X 0.169 = 0.0897 
The beat-capacity of 0.471 kg. oxygen in com- 
pounds is 0.417 X 0.25 = 0.1177 

Total 0.1574 

This sum subtracted ftom the specific heat of anhydrous calcium sul- 
phate (0.1966) gives the heat-capacity of 0.294 kg. calcium: hence the 
latter is 

0.1966-0.1574 = 0.0892. 

The specific heat of calcium in its compounds is therefore 

M??? = 0.188. 
0.294 

The atomic heat of calcium as a metal, we may assume with great prob- 
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ability, is not far from 6.4. The atomic weight will therefore amount to 

Now the equivalent weight of calciam is known from the analysis of 
calcium chloride ; it is 20.0, since 86.46 parts by weight of chlorine are in 
combination with 20 parts of calcium. The atomic weight must therefore 
be this number or a simple multiple of it ; evidently twice the equivalent 
weight, or 40.0, is the nearest of all the multiples to the number 48, so 
that 40.0 must be taken as the atomic weight. 

The value of the atomic weight calculated from Neumank's 
law therefore serves merely to decide what multiple of the equiva- 
lent weight must be taken; for this purpose the number so ob- 
tained is sufficiently accurate. 

210. 3. The law of Mitbcheslich. ?%« crystal form of com^ 
pounds having analogous chemical composition is the same ; or, in 
other words, compounds of analogous chemical composition are 
isomer phous. The compounds KCl, KI, KBr, e.g. are 
analogous in composition; they all crystallize in cubes. H^KPO^ , 
HjKAsO^, H,(NH^)PO^ also have an analogous composition and 
all crystallize in the tetragonal system. The analogous compounds 
KCIO^ and KMnO^ both crystallize rhombic. 

If two compounds have been proven to be isomorphous, it is 
very probable that their composition is analogous, whereupon 
the atomic weight is readily found. Let us, for example, take 
the case of manganese, supposing its atomic weight to be unknown; 
now potassium permanganate is isomorphous with potassium per- 
chlorate, which latter is known to have the formula KCIO^. 
Analysis has shown the formula of potassium permanganate to be 
KMn^O^ , X being unknown, for 39 parts (by weight) of x)ota88ium 
(1 atom) are combined with 64 parts of oxygen (4 atoms) and 55 
parts of manganese {x atoms). From its isomorphism with EGIO^ 
it follows that its formula must be KMnO^ (i.e. a; = 1), hence 55 
is the atomic weight of manganese. 

In determining the atomic weight of zinc we could use the iso- 
morphism of the crystallized sulphates of magnesium and zinc. The 
formula of the former is MgSO^ + 7H,0. On the basis of the 
analysis of zinc sulphate and the isomorphism mentioned we have 
the formula ZnSO^ + 7H,0, from which the atomic weight is ob- 
tained in the same way as above. 
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Tho law of isomorphism was discovered as early as 1819. Since at 
that time the law of Avogadro received little attention and the deter- 
mination of the specific heat was in many cases impossible, the phenomena 
of isomorphism were the most important means of getting information re- 
garding the value of the atomic weight. Subsequently its importance for 
this purpose lessened, mainly because simpler means were found, but also 
because it proved to be very difficult in many cases to decide whether two 
substances are isomorphous. Moreover it was found that certain sub- 
stances of entirely different composition are isomorphous. 

For the determination of iiomorphinn the following methods are now in 
use: 

1. The determination of the crystal form. Measurements have 
shown that this is almost never exactly the same for substances of unques- 
tioned isomorphism, hence it is very difficult to fix a limit beyond which 
two crystals shall not be considered alike. Again, the form of the crystals 
can be apparently exactly the same, while nevertheless no isomorphism 
exists, because one crystal is hemihedral and the other holohedral. This 
is the case, e.g., with potassium and sodium chloride, which for a long 
time were incorrectly considered isomorphous. There are, however, various 
methods of detecting this difference in symmetry, e.g. by means of 
etch-figures; when the smooth faces are moistened with a liquid 
which acts on the substance of the crystal, characteristic lines or figures 
are produced. If these etch-figures are the same for two crystals, which 
otherwise agree in form, the two have the same degree of symmetry. 

2. Another characteristic of isomorphism is that isomorphous crystals 
have the ability to form mixed crystals, either in all proportions, or 
within certain limits inside of which all proportions are possible. Solu- 
tions containing two salts that crystallize isomorphous must yield crys- 
tals whose composition with respect to the two salts can vary* in all 
proportions or at least in all proportions between certain limits. The 
formation of these mixed crystals is the most important evidence of iso- 
morphism. It should be noted that between perfect miscibility on the 
one hand and absolute immiscibility on the other, all intermediate stages 
may occur, Just as in the case of liquids, so that here also the limit is hard 
to fix in many cases. 

3. A very delicate test for isomorphism, finally, is the fact that a 
supersaturated solution can be made to crystallize, not only by an ex- 
tremely small amount of the dissolved substance itself (*' sowing ")f but 
by other bodies, that are isomorphous. 

THE PEEIODIG SYSTEM OF THE ELEMEKTS. 

211. In studying the elements which we have considered so far, 
we have found that they can be arranged into groups of elements 
according to their valence^ the elements of each showing great 
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Bimilarity in the types of their compounds. The physical and 
chemical properties of the elements of such a group are found on 
the whole to gradually change as the atomic weight increases. The 
question now arises whether all elements can be thus arranged into 
groups ; the reply is affirmative. 

In the course of the last century there was no lack of attempts to 
arrange the elements into groups of similar elements. Doebereinbr 
called attention to a simple relation between the atomic weights of kin- 
dred elements as early as 1817 and in 1829 he presented the doctrine of 
triads^ i.e. he showed that there are different groups of three elementa 
each, which have a great similarity among themselves and a constant 
difference in the atomic weights, e.g. 01, Br, I ; Ca, Sr, Ba, etc. In the 
year 1865 the law qf octaves was proposed by Newlands, he having dia- 
covered that, if the elements are arranged according to increasing atomic 
weight, after an interval of seven elements one follows which has prop- 
erties analogous to those of the first, i.e. the first, eighth, fifteenth, etc., 
are similar. In 1869 Mendeleeff and Lothar Meyer almost simulta- 
neously reached conclusions which are comprehended by the term ** peri- 
odic system.'' 

If we arrange the elements according to increasing atomie 
weight, thus: 















H 1 


Li 7 


Be 9.1 


B 11 


C 12 


N14 


016 


F 19 


Na23 


Mg24 


A127.1 


Si 28.4 


P 31.0 


S32 


CI 35.4, 



we see that there is a gradual variation in the properties of elements 
in a horizontal line; after fluorine, however, a small increase in the 
atomic weight involves a sudden change of properties. Moreover 
those elements which are in the same vertical column show great 
similarity, as we saw above in the cases of carbon and silicon, 
nitrogen and phosphorus, etc. 

This regular change makes itself evident in the valence toward 
oxygen, which rises from one (with Li and Na) to two Be, 
Mg), three (B, Al), four (C, S\),five (N, P), six (S) and seven (CI in 
C1,0,). The valence toward hydrogen or a halogen increases, how- 
ever, from 07ie (Li) to four (C) and then falls again to one (F). A 
similar regular change is to be observed with reference to the physi- 
cal properties, e.g. specific gravity and atomic volume. 

Na Mg Al Si P(red) S 01 (liq.> 

8p. gravity 0.97 1.75 3.67 2.49 2.14 2.06 1.38 

At. volume 24 14 10 11 14 16 27 
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By atomic volume we understand the atomic weight divided by the 
weight of the unit volume (based on water of 4* as 1) ; it is therefore the 
number of cubic centimeters occupied by a gram-atom. 

Here we observe au increase of the specific gravity up to alu- 
minium, then again a decrease to chlorine^ while the atomic vol- 
mne, on the other hand, decreases from the beginning of the series 
to aluminium and then increases. This steady change of the same 
physical properties is also observed in the compounds of the 
above elements. For the oxides^ e.g. we have : 

Na,0 MgO A1,0« SiO, P.O. SO. CI.Ot 

8p. gravity 2.8 8.7 4.0 2.6 2.7 1.9 ? 

At. volume 22 22 25 45 55 82 ? 

Moreover if we write down a series of elements according to in- 
creasing atomic weight beginning with another univalent metal, we 
discover regularities of exactly the same sort as the above. The 
following series may serve as an example of this: 





Ag 


Cd 


In 


Sn 


Sb 


Te 


I 


Atomic wt 


... 108 


112.4 


114 


118.5 


120 


127 


126.9 


8p. gravity.... 


,. . 10.5 


8.6 


7.4 


7.2 


6.7 


6.2 


4.9 



Here also we find the same gradual rise of valence from silver, 
which is univalent, to septivalent iodine, the progressive transition 
from metal to metalloid and a continuous decrease in specific 
gravity. But more; if we put this last row under the first two: 



















H 1 


Li 


7 


Be 9.1 


B 11 


C 12 


N 


14 


16 


F 19 


Na 


28 


Mg 24.4 


Al 27.1 


Si 28.4 


P 


31.0 


S 32 


01 35.5 


Ag 


108 


Cd 112.4 


In 114 


Sn 118.5 


Sb 


120 


Tel27 


I 126.9 



it is evident that the elements in the same vertical column belong 
to a group. This has been demonstrated for the last four columns 
in preceding chapters; it will be proven for the others later on. 

In the light of these facts, we are led to the conclusion that 
the physical and chemical properties of the elements are functions of 
their atomic weights ; and when we consider the series beginning with 
lithium and sodium, and note that in each instance, after a differ- 
ence of about 16, there comes another element with corresponding 
properties, we are led to the supposition that these properties are 
periodic functions of the atomic weights. 
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By a fdnetion we understand in general a dependent relation between two 
or more magnitudes, of such a sort that, when one changes, the other does 
likewise. In the equations y = a ± x;y =:ax;y = a^, etc., y isa function 
of X, since, whenever x undergoes a change, the value of y also changes. 
A periodie function requires that the same value appear for one magnitude 
in regular intervals as the other magnitude steadily increases. An example 
of this kind is presented by the goniometric functions, as y = sin x, etc., for 
every time x increases by 2;r, y comes to have the same value again. The 
sudden transition in the series of elements from very strongly negative to 
very strongly positive, which occurs between the end of each period and 
the beginning of the succeeding one, remmds one of a tangential function 
y = tan x, which changes from + oo to — oo for a? = i;r, etc. 

If we desire to substantiate the conclusion just stated, we shall 
have to investigate first the length of each period, in other words, 
determine how many elements intervene in the table, according to 
increasing atomic weight between two with analogous properties. 

It has already been shown that for the elements as far as chlo- 
rine, a period always includes seven elements. After chlorine 
comes potassium (39), which thus falls into the column under 
sodium. The following elements, 

K 39.1 Ca 40 Sc 44.1 Ti 48.1 V 51.2 Cr 52.1 Mn 55.0 

correspond very well with the preceding series, 

Na 23 Mg 24.4 Al 27.1 Si 28.4 P 31.0 S 32 CI 35.5 

at least so far as the valence and the form of the compound are 
concerned (A1,0, and Sc,0„ TiO, and SiO,, K,CrO^ and K,SO^, 
KMnO^ and KCIOJ, although the similarity of these elements in 
other respects is not very marked. 

The elements following manganese, viz., Fe 56, Co 59, Ni 58.7, 
however, do not fit in at all under K, Ca, Sc; but if we pass these 
by there follows another series of seven elements, which corresponds 
to the one beginning with potassium: 

Cu 63.6 Zn 65.4 Ga 70 Ge 72 As 75 Sc 79.1 Br 80 

We therefore reach the conclusion that, after the first two periods 
of seven elements ending with chlorine must come one of seventeen 
elements (two of seven each, and three elements placed at the side), 
if the elements in the same vertical column are to correspond in 
their properties. 
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This large period of seventeen elements can, therefore, be added 
to the preceding small period of seven elements in the following 
way: 

SMALL PERIOD. 

Na28 Mg24.4 A127.1 Si28.4 P81 S82 G185.5 

LARGE PERIOD. 

K39 Ca40 Sc44.1 Ti48.1 V51.2 Cr52.1 Mn55.0 Fe66.0 Co59.0 Ni58.7 
Ca63.6 Zn65.4 Ga70 Ge72 As75 Se79.1 BrSO 

In order to arrange in periods the elements whose atomic weights 
exceed eighty, it is again necessary to assume large periods, and, 
moreover, to leave several places vacant. In this manner we 
arrive at the scheme known as Mendeleeff's table (see p. 284). 

212. Group YIII, as has been said, owes its origin to the setting 
at the side of the elements included in it, for by this means the 
corresponding elements of groups I-VII could be brought under 
each other. It will thus be of importance to the system, if the 
nine elements of this group display so much analogy to each other 
that the grouping of them together appears actually justified. Now 
this is really the case, as is seen from the following study of their 
properties : 

1. All these elements are of a gray color and difficultly fusi- 
ble; indeed, osmium is one of the hardest of all metals to fuse 
(2500°); iridium melts at 1950"*, wrought iron at ISOO'', etc. The 
melting-point of iron is higher than that of cobalt, and the latter 
higher than that of nickel. A similar fall of this constant is found 
with ruthenium, rhodium and palladium, and also with osmium, 
iridium and platinum. 

2. Their atomic volumes are small in comparison with the 
neighboring elements. The atomic volume of molybdenum is 11.2, 
that of ruthenium, rhodium and palladium about 9; that of silver 
10.3; that of cadmium 13.0. 

3. They display in marked degree the ability to let hydrogen 
pass through when red hot, or to condense it in themselves at or- 
dinary temperatures. The former property is especially developed 
in iron and platinum, the latter in palladium. 

4. It is only with these metals that we find EO^ compounds, in 
other words, they are the only ones which can be octivalent. The 
compounds OsO^ and RuO^ , for example, are known, and also those 
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•with carbon monoxide, as Ni(CO)^ and Fe(CO)^. In general, we 
find here the ability to form compounds with carbon monoxide, 
e.g. PtGl,*3C0. In this last compound platinum can also be con- 
sidered octivalent. 

5. They form stable and, in most cases, very nicely crystallizing 
double-salts with potassium cyanide. Iron, ruthenium and osmium 
give compounds of the type K^RCy, ; cobalt, rhodium and iridium 
form E,RCy^ , while the elements of the last column, nickel, pal- 
ladium and platinum, give K,RGy^ double-salts. 

6. They all form colored salts: those 6f cobalt are red or 
l)lue; the nickel salts are green; all the rest are various shades of 
brown. 

7. They all possess the ability to condense on' themselves other 
^ases than hydrogen in larger or smaller amounts; especially is this 
true of the platinum metals. Platinum and palladium absorb 
•carbon monoxide greedily. 

213. Let us now examine the seven other groups (vertical col- 
umns) more closely. If we bear in mind what was stated with 
reference to the large periods, it is clear that not all the elements in 
such a group display perfect chemical analogy. This is, however, 
the case when we compare with each other only those elements that 
l)elong to the even or the odd rows of the large periods. The simi- 
larity of the elements of these divisions is seen, in the case of the 
large periods, from the following facts : 

1. Only the elements of the odd rows give hydrogen or alkyl 
compounds. 

2. In the even rows the basic properties of the hydroxides are 
prominent, in the odd rows the acidic. 

In general it may be said that, passing from left to right in the 
table, we meet first those that form the strongest bases and then 
gradually those that give acids. The latter property is most de- 
veloped in the halogens, since they even form strong acids on com- 
bination with hydrogen. 

A similar change is observed in going from the top to the bottom 
•of the system. As the atomic weight increases the metallic (base- 
forming) nature of the elements in each group becomes more 
marked. 

214^ The periodic system of the elements is of value in four 
different directions : 
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1. In constructing a system of the elements. 

2. In ascertaining the atomic weights of elements whose equiva- 
lent weights only could be determined. 

3. In foretelling the properties of elements as yet undiscovered* 

4. In confirming or correcting atomic weights. 

Let us look at these various applications a little in detail : 

The Use of the Periodic Law in Conttmcting a System of the 

Elements. 

215. After a careful comparison of the elements Mendelebff 
reached the following important conclusion : The entire character of 
an element, as displayed in its physical as well as in its chemical 
properties, is determined by the position which it occupies in the sys- 
tem and particularly by the f o u r adjacent elements, the atomic 
analogues. If an element is in an even series, the elements in 
the adjoining even series are its atomic analogues ; the same is true 
of the odd rows. From this it follows that, wlien the properties of 
an element are exactly known, its place in the system can be as- 
signed. A couple of illustrations will make this clear. 

The element beryllium possesses marked analogy to alumin- 
ium on the one hand and magnesium on the other; therefore it 
was a much discussed question whether its oxide should be given 
the formula BeO or Be^O,. Since, according to analysis, 9.4 parts 
Be combine with 16 parts 0, the atomic weight would be in the 
former case 9.4, in the latter } x 9.4 = 14.1. With the atomic 
weight 14.1 the element would stand between nitrogen and oxygen; 
as nitrogen and the elements of the sulphur group as well yield 
only acid-forming oxides, beryllium oxide would have to be an acid 
anhydride too, which is not the case, it being a basic oxide. Thus 
beryllium would not fit in the system with that atomic weight. If,, 
however, it has the atomic weight 9.4, it falls in the horizontal 
series between the strongly basic lithium and the weakly acidic 
boron and over magnesium, with which it shows real analogy. This 
is indeed its fit place, i.e. its properties are those which must belong 
to an element in this position (see table). Farther, the properties 
of beryllium are to those of lithium as the properties of boron are to- 
those of beryllium, or, in the form of a proportion : Be : Li : : B : Be. 
Just as lithium forms a more strongly basic oxide than beryllium, 
80 the basic character of beryllium oxide is stronger than that of! 
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boron oxide; again beryllium chloride is more volatile than lithium 
obloride, boron chloride more volatile than that of beryllium. 

We also have the relation Be : Mg : : Li : Na : : B : Al, for 
beryllium oxide is less basic than magnesium oxide^ lithium oxide 
than sodium oxide, boron oxide less than aluminium oxide. Beryl- 
lium fluoride dissolves in water, magnesium fluoride does not; simi- 
larly boron fluoride but not aluminium fluoride is soluble in water. 

Finally we have Be : Al : : Li : Mg : : B : Si. The hydroxides 
of beryllium and aluminium are very similar to each other; they are 
gelatinous and soluble in alkalies. Both metals are scarcely acted 
upon by nitric acid and both dissolve in alkalies with the evolution 
of hydrogen. Their chlorides must be prepared in the same way 
from the oxides (by heating with charcoal in a current of chlorine). 
Likewise lithium and magnesium are analogous in certain respects; 
the carbonate and the phosphate of lithium^ like the corresponding 
salts of magnesium^ are very difficultly soluble^ which is in marked 
contrast with the other metals of the lithium group. Boron and 
silicon both form very refractory oxides and salts; their fluorine 
compounds are decomposed by water in a similar manner^ etc. 

The evidence in accordance with which beryllium was assigned its pres- 
ent position in the system was subsequently confirmed directly by the de- 
termination of the vapor density of the chloride, which led to the formula 
BeOli. The vapor density of the beryllium compound of an organic sub- 
stance (acetylacetone) also led to 0.4 as the atomic weight of beryllium. 

As a second example let us take thallium. This element dis- 
plays analogy with the alkali metals and also with aluminium, as 
well as with lead and mercury. According to its atomic weight it 
must lie between the two latter and belongs in the aluminium group. 
This position is justified when the following relation is taken into 
consideration : 

Tl : Al : : Hg : Mg : : Pb : Si. 

The highest stages of oxidation show unmistakable analogy, 
since the oxides have the same properties by pairs. The oxides of 
aluminium and thallium are weakly basic, those of mercury (ic) 
and magnesium more strongly, while lead dioxide and silica are 
weakly acidic. Thallium, mercury and lead all three form lower 
oxides of strongly basic character (T1,0, Hg,0, PbO), which alumin- 
ium, magnesium and silicon are unable to do. The oxide T1,0 
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is comparable with K,0 in its properties, the lead monoxide with 
calcium oxide (Tl :K: : Pb : Ca); see the table. In regard to the 
physical properties, it should be observed that in the matter of 
volatility thallium lies between mercury and lead. 

ITse of the System in Ascertaining the Atomic Weights of Ele- 
ments whose Equivalent Weights only are known. 

216. A good instance is that of the very rare element indium. 
When the periodic system was established only the equivalent 
weight of indium was known, the analysis of the chloride having 
shown it to be 38, i.e. it was known that 38 parts of indium com- 
bine with 35.5 parts of chlorine. If this were the atomic weight 
and consequently ln,0 the formula of the oxide, the element would 
have to occupy the place which potassium now has. Not only is 
this place taken but the oxide is only weakly basic, while it should 
have strongly basic properties if it belonged to the first group. If 
the atomic weight were 76, corresponding to the oxide InO, the 
element would stand between arsenic and selenium in the table; its 
oxide could not then have the formula InO, but would have to be 
In^Oj or IiijO, and have acid properties. On the other hand, there 
is no place for a metal with the atomic weight 76 and an oxide InO 
in the second group, where the oxides have this type. If the oxide 
be In^Oj, the atomic weight of indium must be 114. Now, as a 
matter of fact, there is a vacant place in the system between 
Cd = 112 and Sn = 119 for an element with an R3O, oxide. In 
the same way as we have shown it for the oxides R,0 and RO, it can 
also be demonstrated that indium could not be located in the table 
with an oxide InO,, , In^O^ , InO, , etc. There remains, thus, no 
other possibility than to give the oxide the formula In^^O, and the 
element an atomic weight of 114. 

Let us now see whether the properties of the element and its 
compounds conform to this location. Two of its atomic analogues 
for this position are cadmium and tin. The oxides of both are easily 
reduced ; this is true also of indium oxide. If, now, we consider 
the metals : 

Ag, Cd, In, Sn, Sb (7th series), 

we notice first tliat the melting-point of silver lies higher than that 
of cadmium ; likewise antimony melts higher than tin: 
Ag> Cd; Sn < Sb. 
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If iudinm fits in this series, it must, therefore, have the lowest 
loaelting-point of these five metals. This is actually the case ; its 
melting-point is ITe"". In the color of the metals there is a farther 
analogy; silver, cadmium and tin are white, and so is indium. As 
to the specific gravity : cadmium has the specific gravity 8.6, silver 
10.5; the difference is thus 1.9. The difference of the specific 
gravities of tin and antimony is, on the contrary, small, 
* 7.3 — 6.7 = 0.6. If indium stands between these two pairs of 
elements its specific gravity should be smaller than the mean be- 
tween cadmium and tin, i.e. ^(8.6 + 7.3) = 7.9. In reality its 
specific gravity is 7.42. 

The position of the metal requires that its oxide be feebly basic, 
weaker even than the oxides of cadmium and thallium (T],0, ), since 
cadmium is at the left and thallium farther down in the system 
(§ 215); on the other hand, it must be more strongly basic than 
the oxides of aluminium and tin. This condition also is fulfilled, 
as the following sets forth : the oxides of aluminium and tin, be- 
cause of their slightly acid nature, dissolve in alkalies, forming defi- 
nite compounds with the latter. The oxides of cadmium and thal- 
lium, however, are insoluble in alkalies; they are distinctly basic. 
Indium sesquioxide is soluble in alkalies, but forms no definite 
compound with them. 

Finally, there is also the conduct of indium salts toward hydro- 
gen sulphide which supports the placing of the element between 
cadmium and tin, for indium also is precipitated by hydrogen sul- 
phide from acid solutions. 



Prediction of the Properties of Elements yet Ilndiscovered. 

217. When Mbndeleeff constructed his table, the elements 
gallium and germanium (fifth series) were still unknown. From 
the properties of the atomic analogues he ventured however at that 
time to predict the properties of these elements; thirteen years 
later Wikkler discovered an element with the atomic weight 72 
(such an one had been termed ekasilicon by him ; the discoverer 
named it germanium). Indeed there proved to be a very close 
agreement between the real properties and those predicted, as the 
following summary evidences: 
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Properties of ekasfllcon predicted by 

MEMDBtiiBrF. 



1. Tbe atomic weight must be the 

mean of tbe four atomic analogues 
Si, Sn, Zn, Se, i.e. 
i(28.4 -h 118.5 4- 65.4 -h 79.1) = 72.85 

2. The .specific gravity (deduced as 

for indium a&ve) must be 6.5. 

3. The atomic volume must lie be- 

tween those of silicon (18) and tin 
(16), but be only a trifle above 18. 

4. Since it belongs in an odd series, it 

must be able to form alkyl com- 
pounds. Judging from analogies, 
tbe boiling-point of E8(C,H.)4 
must be 1^", its specific gravity 

0.96. 

5. Tbe acid properties of EsO, must 

be stronger than those of SnO,. 

6. The specific gravity of EsO, is 4.7. 

7. Since tbe oxides of indium and 

arsenic are easily reduced, this 
must also be true of EsO,. 

8. EsS,, because of its analogy with 

Sn8^ , will probably be soluble in 
NH^SH. 

9. EsCl^ is liquid, boils below 100* 

(since the boiling-point of SiC'l^ is 
57** and that of SnCl, 115"), and 
has a specific gravity of 1.9. 

10. K,SnF, being more readily soluble 

in water tban E,SiF^, tbe solu- 
bility of E.EsF, must also be 
greater than that of K,SiF«. 



Properties of {rermanium discoTered by 

WIMXLBR. 



1. At. wt. = 72. 

2. Sp. g. = 5.469 at 20*. 
8. At. vol. B 18.1. 



Alky I compounds were obtained. 
Ge(C,H,), boils at 160* and its 
specific gravity is a little less 
tbanl. 



5. GeO, lacks entirely the basic prop- 

erties which are found to & 
limited extent in SnO,. 

6. The specific gravity of GeO, is 

4,703 at 18*. 

7. GeO, is easily reduced to the metal 

by heating with carbon or in 
hydrogen. 

8. GeS, dissolves readily in NH.SH. 



9. GeCl, is liquid, boils at 86*, and 
has a specific gravity of 1.887. 



10. K SiF, is almost insoluble ; 
IC^GeK^ dissolves in 34 parts of 
boiling water. 



Use of the Periodic System in Correcting Atomic Weights. 

218. In the group of the platinum metals the atomic weights 
were previously determined by Berzblius and Fremy to be as 
follows : Os = 199, Pt 198, Ir 197. In this order the metala 
named do not, however, fit into the system, for osmium should be 
the first of the three on account of its analogy with iron and ruthe- 
nium, i.e. it should have the smallest atomic weight of the three. 
On the other hand, platinum, which is more akin to palladium, 
ought to have the highest atomic weight. A painstaking investi- 
gation by Seubert showed that in reality osmium has the atomic 
weight 191, iridium 193.0, and platinum 194.8, which order is in 
harmony with the system. 
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219. Oraphio representation. — The fact that au arrangement of 
the elements according to increasing atomic weight also makes the 
gradual change of the physical properties evident can be seen most 
clearly from a graphic representation (as proposed by Lothar 
Meyeb) in which the atomic weights are the abscissas and the 
atomic volumes the ordinates (see Plate I at end of book). 

The first thing we notice in the curve is the regular rise and 
fall of atomic volumes. At the beginning of each period the 
atomic volume is at a maximum; it reaches a minimum half way 
through the large period (at the elements of group VIII) and then 
increases again. In the descending portions are the easily fusible, 
on the ascending the brittle elements. On the ascending portions 
are farther the gaseous and the easily fusible elements, on the 
descending at the minima the difficultly and very difficultly fusi- 
ble. On the descending portions at the minima are the electro- 
positive^ on the descending the electro-negative elements. The 
periodicity of the elements thus becomes very manifest. 

The calculation of atomic volume is not always entirely free from un- 
certainties, inasmuch as we are not sure whether the specific gravity on 
which it is based represents in each case comparable conditions of the ele- 
ments. Thus the temperature and the state of matter with which the 
specific gravity is concerned evidently play a certain role here. How- 
ever, these factors are unimportant in the great majority of elements. 
The dotted portions of the curve connect those elements for which this un- 
certainty is greatest. 

MO. The discovery of the periodic system once more thrust into the fore- 
ground of interest one of the oldest of questions, viz., that concerning the 
unUy of matter. 

The striking connection between all the properties of the elements and 
their atomic weights leads unavoidably to the assumption of a primordial 
or ground suhstaiice. As to the nature of this no evidence is at present ob- 
tainable. Prout, in 1815, regarded hydrogen as such. He observed that 
the atomic weights (then accepted) of many elements, based on hydrogen 
as unity, are whole numbers. Later, very accurate atomic weight deter- 
minations, particularly those of Stas, which were undertaken with the in- 
tention to confirm this hypothesis, demonstrated with certainty, however, 
that it was untenable. 

Ml. The periodic system of the elements is one of the most important 
discoveries in the field of inorganic chemistry; it can never lose its impor- 
tance, though it is gradually becoming more evident that the system in its 
present form represents the relations of the elements to each other merely 
in an approximate way and is only a crude first attempt at a real system. 
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There are indeed serious objections to the periodic sys- 
tem, which are of such a nature that some people rather hastily declare 
it to be absolutely worthless. These objections concern, in the first place, 
the positions which certain elements occupy in the system, and which 
agree very poorly with their properties. This is the case, e.g. with gold 
and copper which, indeed, show some analogy with lithium and sodium in 
their ot^-compounds, but otherwise differ decidedly from the latter. The 
same is true of the metals of the cerium group (Ce, La, Nd, Pr, etc.). It 
cannot be denied that their atomic weights have been selected somewhat 
arbitrarily from the various (rather unharmonious) results of the determina- 
tions recorded, in order to fit them into the system ; and even then the 
analogy with the other elements of the same group is still feeble. If the 
reply be made that these elements are still too little known because of their 
rarity and the great expenditure of energy and pains required for their 
investigation, it must be protested that the same is also true of those better 
known, such as cerium, and that if these elements should dicclose them- 
selves as complexes of several (which is not improbable), it is ^ei^ doubt- 
ful whether there would be a place in the system for elements with ap- 
proximately those properties which we are at present acquainted with in 
lanthanum, neodymium and praseodymium. 

A second objection concerns the inability to fit all elements into the 
system. This is particularly the case with tellurium. Its physical and 
chemical properties put it without doubt in the sulphur group, and here 
there is a space for it, if its atomic weight were only about 125, or at least 
smaller than that of iodine (126.85). When the periodic system was first 
published, the atomic weight 128 was ascribed to tellurium; Mendxlekff 
predicted that more exact determinations would reduce the latter to about 
125. Thereupon Brauner really did find the number 125 from a new de- 
termination. In a subsequent more careful investigation he obtained 127, 
however, and this figure was confirmed by Masdmi Chixashig^, who used 
Japanese material in his research, while Brauner worked with European 
tellurium. Very recently, however, an organic compound of tellurium 
(diphenyl telluride) has been obtained, apparently in a very pure state. 
Its carbon determination leads to an atomic weight of 126.4. Still later 
work by Peluni and also by EOThner points to the value 127.6. 

As to the elements discovered in the atmosphere since 1894, viz., luiium 
(at. wt. 4), neon (20), argon (40), krypton (81.6) and xenon (128), it is clear 
that they form a naturid group, for their properties display great analogy 
(see § 110). Since they are not able to form compounds with other ele- 
ments, they can be regarded as zero-valent. In that case their group could 
find a place after the eighth, or before the first, group (compare the table, 
page 284), thus forming a bridge, or transition, from the strongest electro- 
negative, to the strongest electropositive, elements. However, it must be 
noted that argon with an atomic weight of 40 precedes potassium with 
an atomic weight of 89. As may be seen from Plate I, their atomic vol- 
umes fit into LoTHAR Meter's curve very well. 
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UTHIUH AHD SODIUM. 
Lithium. 

2S8. This metal is not found free in nature; in combination, however,, 
it is Tery widely distributed, although always in small amounts. Many 
mineral .waters contain .it. It occurs chiefly in the silicate lepidolUe, or 
lithia^micay also as the phosphate in triphylUe and in company with alu- 
minium, sodium, and fluorine in amblygonite. Finally, lithium is met 
with in the ashes of certain plants, such as tobacco, indicating that it is 
also contained in the soil. With the aid of the spectroscope it can be 
detected in very many minerals. 

Lithium can be obtained from lepidolite by the following very simple 
process: The mineral is fused and then poured into cold water, whereupon 
it becomes very brittle and its silicates are brought into such a condition 
that they can be decomposed by hydrochloric acid. The finely powdered 
mass is boiled with hydrochloric acid and the metals Ca, Al, Mg, etc., pre- 
cipitated by soda from the resulting solution (after filtering off the silica), 
lithium and the other alkali metals remaining in solution. By evaporation 
a salt mixture is obtained from which the lithium chloride can be isolated 
by extraction with alcohol, the insoluble chlorides of sodium and potassium 
remaining behind. 

Metallic lithium is prepared by electrolysis of the fused chloride or a 
concentrated solution of this salt in pyridine. It is the lightest of all solid 
substances, its specific gravity being only 0.59, so that it floats on coal-oil. 
It is silvery white but tarnishes very rapidly in moist air. Melting-point 
180". When heated in the air it burns with an intense white light to the 
oxide; at ordinary temperatures it is not so readily oxidized as sodium 
and potassium. It decomposes water with the evolution of hydix)gen; the 
heat generated is insufficient, however, to melt the metal. 

Lithium oxide, LiOa , and hydroxide, LiOH. The former is obtained by 
heating the nitrate strbngly. It dissolves in water slowly, forming hydrox- 
ide. The latter is a white, crystalline substance, similar to caustic soda; 
it dissolves in water, producing a strongly alkaline solution. 

Lithium ehloride, LiCl, crystallizes anhydrous in regular octahedra;. 
below 0" it takes up 2 mols. water of crystallization however. It dissolves 
very easily in water and deliquesces in moist air. 

Lithium oarbonate, LisCOt , unlike the carbonates of the other alkalies, 
is difficultly soluble in >¥ater (100 parts of water at IS"" take up 0.769 part); 
hence it can be precipitated from the concentrated solution of the chloride 
by ammonium carbonate. 

Lithium phosphate, LisP04 , is likewise very sparingly soluble in water 
(1 part in 2539 parts of water), although the phosphates of the other alka- 
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lies are readily soluble. The formation of this salt serves as a test for 
lithium. 

The lithiuvi spectrum consists of two red bands, one of which in 
particular is easy to recognize. 

Sodium. 

223. Sodium occurs in nature in enormous quantities and is yeiy 
widely diffused. It is a constituent of countless silicates and, as a 
result of rock decay, gets into the soil, whence it enters the plants 
and finally reaches the animal organism. The nitrate is known as 
Chili saUpeire, the chloride as rock salt or halite^ the carbonate as 
soda; the cryolite (ice-stone) of Greenland is a sodium aluminium 
fluoride. Common salt, NaCl, constitutes the main part of the 
saline matter in sea-water. Certain bodies of water, such as the 
Dead Sea of Palestine and the Great Salt Lake in North America, 
are almost saturated solutions of common salt. 

The m etal was first obtained by Davy in 1807 by the elec- 
trolysis of molten sodium hydrate. Gay Lussac and Thenard 
got it by heating sodium hydrate with powdered iron to white heat. 
The first named method is the one now generally employed for its 
commercial manufacture, inasmuch as electric power can be obtained 
quite cheaply. The metal is also prepared on a large scale by the 
electrolysis of fused sodium chloride. 

The older commercial process was to heat a mixture of soda and 
coal dust at a high temperature : 

Na,CO, + 20 = 2Na + SCO. 

This is carried out in iron retorts. The metal is vaporized and is 
condensed in shallow flat iron receivers under coal oil. It is then 
purified by fusing it under boiling coal oil of high boiling-point 
and pressing through linen sacks. Finally it is cast into plates, 
which are broken up, or into sticks, when it is ready for the market. 

Sodium is silvery white, melts at 95.6° and boils at 900**, turn- 
ing at the latter temperature to a colorless vapor. At ordinary 
temperatures it is very soft, so that it can be readily cut with a 
knife. It can also be easily pressed through a small hole, coming 
out in the form of wire. Sp. g. at 13.6° = 0.9735. 

The molecule of sodium contains only one atom, as is proved 
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l>y the depression of the freezing-point of its solution in tin. A 
^eat many metals have this same property. 

In moist air the bright surface of a freshly cut piece tarnishes 
rapidly, but in air that has been dried with phosphorus pentoxide 
it keeps its metallic lustre for days. Sodium can be heated in the 
air to melting and even still higher without catching fire. It 
ignites only when heated strongly, whereupon it burns with a very 
bright yellow light (especially in an atmosphere of oxygen). With 
water it generates hydrogen, sodium hydroxide being also formed. 
If it is held firmly in one place during this process (e.g. by laying 
it on a piece of filter paper floating on water, or upon ice), the 
hydrogen takes fire because of the localization of the heat production. 

Sodium finds extensive use in the laboratory and in the arts. 
Because of its strong reducing-power it is often used to separate 
the elements from their oxides; magnesium and aluminium were 
formerly obtained thus.' In organic chemistry it is also frequently 
employed for yarious purposes. 

OXIDES AVD HTDBOZIDES 07 SODIUM. 

SS4. On burning sodium in dry oxygen a mixture of two oxides, 
ISv^O and Na,0, , results. The former is also obtained by heating 
sodium with caustic soda: 

NaOH + Na = Na,0 + H. 

The product is a gray mass, which dissolves in water forming 
sodium hydroxide, NaOH, and giving off much heat. 

The superoxide, Na,0, , is obtained by heating sodium in a cur- 
rent of oxygen till no more oxygen is absorbed. With 8 mols. water 
it forms a hydrate, Na^^O, -\- 8H,0. Since it yields hydrogen 
peroxide with dilute acids and is a vigorous oxidizing agent it is 
manufactured commercially. 

Sodium hydroxide, NaOH, caustic soda, is formed, together 
with metallic sodium, when sodium monoxide is reduced in a cur- 
rent of hydrogen. The ordinary method of preparing caustic soda 
consists in boiling soda with slaked lime: 

Na^CO, + Ca(OH), = 2NaOH + CaCO.j 
or 2Na- + CO," + Ca"' + 20H' = 2(Na- + OH') + CaCO,. 



Digitized by VjOOQ IC 



296 mOROANIC CHEMISTRY. 

As the solubility product (§ 73) of G^CO, is veiy small, the ions' 
Ca" and CO/' must unite and the carbonate of lime sinks to the* 
bottom. In order to make the decomposition of Na,GO, quite 
complete, a slight excess of slaked lime is added. Nevertheless, 
the solution does not contain an appreciable quantity of Ga(OH)^ 
The reason of this is clear: in the solution there are a large number 
of OH-ions; as a result the number of Ga-ions can only be very 
small, for the value of the solubility product of Ga(OH), is reached 
with even a very weak concentration of the latter ions. The 
hydroxide is obtained by evaporation, whereupon it is often cast 
into sticks for the market. It is radiate-crystalline and very hygro- 
scopic. It dissolves in water with the evolution of considerable 
heat. Sodium hydroxide is a very strong base; it is used in the 
arts for numerous purposes, among others the manufacture of soap^ 

SALTS OF SODIUK. 

225. The sodium salts are of great industrial importance; many 
of them are prepared in enormous quantities. The starting-point 
for their manufacture is usually common salt. 

Sodium chloride, NaCl, commoti salt, is found in large masses 
as rock-salt, e.g. at Stassfurt and Heichenhall and in Oalicia, where 
it is dug out by miners. Farther, large amounts are obtained from 
sea- water and the water of salt-wells. Three methods are employed 
to remove the salt. In warm countries (e.g. on the coast of the 
Mediterranean) the water is let into flat basins of very large surface 
area ("salterns.") In these the water evax)orates by the sun's 
heat and almost pure sodium chloride crystallizes out. Later on, 
the other salts of sea- water separate out; these are also worked up 
commercially. In countries with a cold climate (e.g. on the shores 
of the White Sea) the water is allowed to freeze in flat basins. The 
ice that forms is free from salt so that the remaining liquid is more 
concentrated. 

In countries of the temperate zone the sea-water is concentrated 
by letting it evaporate spontaneously from a very large surface. 
This is done by the *' graduation " process (Fig. 62). Bundles of 
fagots are piled up together in a " rick," above which a trough with 
small outlet-holes runs from end to end« The brine ia pumped up 
into the trough and trickles down from along the entire length of 
the latter upon the brush; in this way the surface of the salt- 
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solntion is greatly enlarged and the evaporation is made much 
more rapid. A very concentrated brine flows out at the bottom. 

The salt is obtained from this concentrated solution by boiling 
(** salt-boiling.") Common salt is almost equally soluble in hot 
and cold water, hence it does not crystallize out on cooling but falls 
out at the same rate as the saturated brine evaporates^ even while 
boiling hot. The salt obtained from the first crystallization is of 
course impure^ containing small amounts of magnesium salts^ 




Fig. 62.— Graduation Process. 

which render it hygroscopic. In order to purify it, it is redissolved 
in water and again precipitated by evaporation. 

Chemically pure sodium chloride is obtained by passing hydro- 
chloric acid gas into a saturated solution of the salt or treating the 
solution with the concentrated acid. The sodium chloride is 
deposited because it is less soluble in hydrochloric acid than in 
water (§ 205). 

Common salt crystallizes in cubes; when the solution evaporates 
slowly the well-known hollow four-sided pyramids or hopper- 
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crystals (Fig. 63) are formed. Sp. g. = 2.16. M.-pt. = 776\ 
100 parts of water dissolve 36 parts NaCl at 0**, 
39 parts at 100°; a saturated solution contains 
about 265^ of salt. The crystals frequently 
enclose some of the mother-liquor; for this 
reason they decrepitate on heating. On cool- 

Fia 68 -^Hopper- ^^^ helow — 10° a saturated solution deposits 

CRYSTAL OF Salt. crystals of the comjwsition NaCl + H,0, which 
lose their water at 0°. Chemically pure sodium 

chloride is not hygroscopic. It is insoluble in absolute alcohol. 

Sodium bromide, NaBr, and lodiiim iodide, NaT, are more soluble in water 
than the chloride. From hot solutions they crystallize in anhydrous cubes^ 
below 30"* in monoclinic crystals with 2 mols. HsO. KaBr is difficultly 
soluble, NaT easily soluble, in alcohol. 

Sodium thiosnlphate, Na,S,0, + 5H,0, is employed in photog- 
raphy (§ 247), in titrating iodine (§ 93) and as anantichlor (§ 82). 
It melts in its water of crystallization at 45° and forms super- 
saturated solutions very easily. 

Sodium sulphate^ Na^S0^.10H,0 {sal mirabile Glauberij Olau- 
ber's salt — so called after the discoverer) can be obtained in various 
ways: (1) by heating common salt with concentrated sulphuric 
acid; (2) by conducting a mixture of air, sulphur dioxide, and 
steam over hot sodium chloride (Habgreayes' method) : 

. 2NaCl + SO, + -f H,0 = Na,SO, + 2HC1; 

(3) by the double decomposition of magnesium sulphate and sodium 
chloride at a low temperature (winter- temperature): 

MgSO, + 2NaCl = MgCl, + Na,SO,. 

This last process is carried out at Stassfurt^ where large masses of 
magnesium sulphate occur. 

At ordinary temperatures Glauber's salt crystallizes with ten 
molecules of water; above 33° it goes over into a mixture of water 
and anhydrous salt; below 33° the hydrous form, Na,S0^.10 aq, is 
again formed. The system Na,S0^.10 aq "^ Na^SO^ -f 11,0 thus 
has a transition-point at 33°. This is confirmed by the fact that 
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the solubility of Glauber's salt in water suddenly changes at 33** 
from a rapid increase with rising temperature to a slow decrease. 

This salt, like the preceding, forms supersaturated solutions 
easily. The solution saturated at 33° can be cooled down to room- 
temperature witliout any deposition if care is taken to exclude even 
the tiniest crystal of the salt (see % 237). 

It is found that a perfectly sound crystal of NajSO^.lO aq does 
not weather, but that when weathering has begun at any point it 
spreads over the crystal. The phase rule gives a satisfactory expla- 
nation of this phenomenon. We have in the Glauber's salt two 
substances, INTajSO^ and H,0; in the case of a wholly unweathered 
crystal exposed to the air we have only two phases, Na^SO^-lO aq 
and H,0 (moisture of the air). According to the equation 
P + ^= -^ + ^ (§ "71) we still have in this system two degrees of 
freedom, i.e., the pressure of the water vapor and the temperature 
can both be selected arbitrarily (within certain limits). If, how- 
ever, some weathered salt is present, the number of phases is three; 
then there is only one degree of freedom, or, in other words, every 
temperature has only one corresponding pressure and inversely 
every pressure only one temperature. 

Glauber's salt is used in medicine; in the arts it is employed 
chiefly in the manufacture of soda. 

Sodium nitrate, NaNO,, called CMH saltpetre because of its 
extensive occurrence in Chili, crystallizes in rhombohedrons and 
melts at 318°. It is somewhat hygroscopic. Large quantities of 
it are used for fertilizing and also in the preparation of nitric acid 
and potash saltpetre. 

Sodium nitrite, NaNO, , is obtained by heating the nitrate, the 
addition of a reducing-agent such as lead or iron aiding the process. 
It is very soluble in water and is consumed in large quantities in 
the aniline-dye industry. 

Sodium phosphates. Trisodium phosphate, Na,PO^ -f 12H,0^ 
is split up in aqueous solution chiefly into sodium hydroxide and 
the secondary salt, for the solution reacts strongly alkaline and 
absorbs carbonic acid from the air. The ordinary "sodium phos- 
phate'' is the disodium phosphate, Na,HPO^, which 
separates from its aqueous solution at ordinary temperatures with' 
twelve molecules of water in large crystals, that soon weather. 100 ' 
parts H,0 dissolve 9.3 parts of the salt at 20'' and 24.1 parts at 
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30°. The solution is feebly alkaline. By leading in carbonic acid 
gas a liquid of amphoteric reaction is obtained, which turns blue 
litmus red as well as red litmus blue. Monosodium phos- 
phate, NaHjPO^ + 11,0, reacts acid. It is converted by heat 
into the metaphosphatc. 

226. Sodium carbonate, Na,CO, + 10H,0 {soday sal-soda), is, 
next to the chloride, the most important sodium salt and it is 
manufactured on an enormous scale. It occurs in nature in Egypt, 
in America (Wyoming), on the Caspian Sea, and elsewhere; the 
ashes of many marine plants contain it. 

The manufacture of soda is carried on by three different 
methods : 

(1) The Le Blanc soda process. 

This process was discovered by Le Blanc in 1794 and is still used to-day 
with no essential change. Formerly France imported most of its soda and 
potash. One of the first effects of the French Revolution was the cessa- 
tion of this importation, so that the factories which consumed soda as 
their chief raw material suffered severely. Thereupon the French govern- 
ment urged chemists to devise methods of preparing soda from oommon 
salt. A 'commission was appointed to consider the plans submitted 
and preference was given to the method of the apothecary Le Blanc, who 
had already been conducting a soda factory after his method for some 
time. The discoverer was never able to enjoy the fruits of his great 
invention. 

The Le Blanc process consists of three parts. In the first 
place common salt is warmed with strong sulphuric acid (chamber 
acid); hydrochloric acid and sodium sulphate (salt-cake) are 
formed : 

2NaCl + 1I,S0, = NaCl + NaHSO, + HCl; 
NaCl + NaHSO, = Na^SO, + HCl. 

In the second part of the process sodium sulphate is heated 
with coal and limestone, the following reactions taking place: 

Na,SO, -{- 2C = Na,S + 2C0,; 
Na^S + CaCO, = CaS -f Na,CO,. 

In case an excess of carbonate of lime is used the calcium sulphide, 
in the heating, goes over into a compound, Ga0.2GaS, insoluble in 
water. 
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The third section of the process consists in lixiyiating the mass 
(black-ash) last obtained with water, whereby sodium carbonate is 
dissolved out. The latter is then obtained from this solution by 
crystallization. 

An important branch of the process is the utilization of the by- 
products. The hydrochloric acid is sold as such or else converted 
into chlorine (for the preparation of chloride of lime, etc.) From 
the insoluble residue (''tank-waste") the sulphur is recovered in 
different ways and converted anew into sulphuric acid. 

The following is a more detailed account of the entire process. 

a. The preparation of sodium sulphate, or the salt-cake 
process. Common salt and chamber acid are mixed in a large 
shallow iron pan A (Fig. 64) which is kept a trifle warm. Thus 
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Fig. 64 — Sulphate, or {Salt-cake, JbuuMACE 

iicid sulphate is formed while hydrochloric acid gas escapes in large 
amounts through C, This gas is conducted to the bottom of 
towers filled with coke and pieces of brick, over which water trickles 
and so becomes saturated with the tiscending gas. 

The reaction of the acid sulphate with sodium chloride to form 
Glauber's salt requires a higher temperature. Therefore, after the 
mixture of sulphuric acid and salt has been warmed in the pan for 
about an hour and has become solid, the sliding door is raised and 
the mixture raked over into a sort of muffle B which is heated 
directly over the open fire. Tlie hydrochloric acid escapes through 
D and is again conducted through the absorption tower. 
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b. The formation of the soda, or black-ash process. 
The Glauber's salt is mixed with limestone^ a little ignited lime and 
powdered coal (carbon), e.g. 10 parts of the salt, 7 parts of lime- 
stone, 0.7 part of lime and 7.5 parts of coal. The mixture is put 
in a horizontal cylinder which can revolve on a wide hollow axle 
(Fig. 65). The furnace flame passes through the axle. By turn- 
ing the cylinder, a thorough mixing and even heating is brought 
about After about two hours the reaction is ended and the black 
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Fio. 65.— Revolving Black-ash Furnace. 



molten mass is allowed to flow out by a door in the wall of the 
cylinder and down into small cars. The black color of the sub- 
stance is due to the excess of coal employed. It contains calcium 
sulphide, lime and sodium carbonate, besides many other compounds 
in smaller amounts. 

c. The extraction of the soda, or lixiviation of the 
ash. In this it is important to extract as large a quantity of the 
ash as possible with the least amount of water. This is accom- 
plished by letting the water course through a series of tanks con- 
taining the pulverized ash. This is so conducted that the fresh 
water first reaches the vessel from which the soda is almost all 
extracted and then goes to the remaining ones richer and richer in 
. soda, till finally, almost saturated, it meets the fresh ash (Counter- 
current principle). 

Since a large excess of carbonate of lime is used and part of this 
goes over into lime on heating, a considerable amount of caustic 
soda is incidentally obtained. By treating this with carbon 
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dioxide it is converted into soda. The entire solution is then 
evaporated in shallow tanks (at i>, Fig. 65)^ the tanks being heated 
by the hot gases from the revolving cylinder. The resulting crys- 
tals are then calcined and yield crude soda. 

The latter is farther purified by exposing it to a hot current of 
air. This oxidizes traces of sulphides to sulphates^ also causing 
the yellow coloration due to the sulphides to disappear. 

The soda residues, or tank-waste. This contains all the 
Bulphur, which was used in the process in the form of sulphuric 
acid; the percentage of sulphur is 15-20j^. It is therefore of very 
great importance to recover the sulphur from this waste and so be 
able to use it to make new sulphuric acid. This is done according 
to the method of Chance. The fresh waste is diluted with water 
to the consistency of a thin paste and then put into a system of 
high cylinders, through which the carboniferous gases from the 
lime-kiln are forced. The hydrogen sulphide, still very dilute, 
escaping from the first cylinder enters the second cylinder contain- 
ing fresh waste and is there absorbed with the formation of calcium 
sulphydrate: 

CaS + H,S = Ca(SH),. 

At the same time the incidental constituents of the lime-kiln gases, 
such as nitrogen, escape. Finally the sulphuretted hydrogen is 
again expelled from the second cylinder by carbon dioxide: 

Ca(SH), + CO, + H,0 = CaCO, + 2H,S, 

and is collected in large gasometers, the water of which is covered 
'with a layer of petroleum. The gas so obtained contains about 33^ 
of hydrogen sulphide. This is then burned to sulphur dioxide and 
the latter is converted into sulphuric acid in the lead chamber. In 
more modern plants the gas is at once burned as soon as it comes 
from the cylinders, although still mixed with carbon dioxide and 
nitrogen. The final residue in the cylinders consists chiefly of 
<;arbonate of lime with %-d^ of sodium carbonate. It can be used 
again in the soda process and is also quite desirable as raw material 
in the manufacture of cement. The hydrogen sulphide also yields 
sulphur by incomplete combustion; this sulphur is very pure. 
Part of the soda residues is, moreover, worked up into sodium thio- 
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sulphate; by slow oxidation of the former, calcium thioeulphate is 
formed, which can be extracted with water. Thereupon Glauber's 
salt is added, producing a double decomposition which precipitates 
calcium sulphate, while sodium thiosulphate stays in solution. 
The latter salt is obtained by evaporation. 

(2) The ammonia-soda process of Solyat. 

This process, which originally presented numerous technical 
difficulties, is now so perfected that it threatens to displace that of 
Le Blanc; in Germany already more than five-sixths of the total 
soda production is by the Solvay process. In England, however, 
the Le Blanc process is still most extensively used. The chemistry 
of the SoLVAT process is very simple. Animonia and carbon 
dioxide are led alternately into a cold concentrated salt solution 
under pressure. The following reaction then takes place: 

NaCl + (NHJHCO, = NaHCO, + NH.Cl, 

The acid sodium carbonate ('* bicarbonate") so formed sepa- 
rates out, inasmuch as it is very difficultly soluble in the cold 
concentrated ammonium chloride solution. It is broken up by 
heating into soda and carbon dioxide, the latter of which is carried 
back to be used over. The ammonium chloride solution is dis- 
tilled with lime or magnesia, whereby ammonia is recovered. The 
only waste-product, therefore, is chloride of calcium or chloride of 
magnesium, which can be worked up into hydrochloric acid or 
chlorine. Magnesium chloride, e.g., yields chlorine on heating in 
a current of air and is converted into magnesium oxide, which can 
be used anew in the decomposition of the ammonium chloride 
solution. 

(3) Electrolytic Soda. 

This process is based on the following actions: The electrolysis 
of an aqueous sodium chloride solution yields chlorine at the anode 
and at the cathode hydrogen and sodium hydroxide (see §281). 
The anode is made of retort-graphite because it is indifferent to the 
action of nascent chlorine; the cathode is made of iron. By using 
mercury instead of iron, sodium amalgam is formed, from which 
the mercury can be recovered by distillation. The sodium hydrox- 
ide which is the product of this action is converted into the 
carbonate by passing in carbon dioxide. 
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The apparently very simple process of electrolysis of a sodium chloride 
solution, expressed ordinarily by the equations : 

NaCl = Na + CI and Na + H,0 = NaOH + H, 

is in reality rather complicated. The resulting sodium hydrate is an 
electrolyte itself and is broken up into sodium and hydroxyl ions. The 
sodium immediately forms new hydrate of course, but without increasing 
the alkalinity, since it was previously present as caustic soda. The prac- 
tical result is, therefore, a decomposition of water and there is a loss of 
electrical power proportional to the latter. Moreover the products of the 
electrolysis, sodium hydroxide and chlorine, interact forthwith, forming 
sodium hypochlorite. The hypochlorite diffuses in the solution and can 
be affected by the current in three ways : It can be split up by electro- 
lysis, like every other salt of a oxy-acid, into base and acid, with the evo- 
lution of detonating gas; moreover it can be reduced at the cathode to 
sodium chloride; and, thirdly, it can be oxidized at the anode to sodium 
chlorate. The latter, however, can be itself electrolyzed or reduced. 

Sodium carbonate crystallizes at ordinary temperatures with 
ten molecules of water of crystallization in large transparent 
monoclinic crystals, which soon turn white and dull from loss of 
water (weathering). They melt at 60° in their own water; on 
continued warming the hydrate Na,CO, + 2H,0 is deposited; the 
latter loses 1 mol. H,0 in dry air and tlie remainder at 100°. At 
30°-50° rhombic prisms of the composition NajCO, + 7H,0 crys- 
tallize out of the aqueous solution. 100 parts H,0 dissolve 6.97 
parts of the anhydrous salt at 0°, 51.67 parts at 38°. The aqueous 
solution reacts strongly alkaline (§ 239). 

Soda is used commercially on a large scale, particularly in 
the soap and glass industries. It is the '* washing-soda'' of the 
household. 

Acid sodium carbonate, KallCO,, (bicarbonate of soda) is ob- 
tained as a primary product in the Solvay process. It dissolves 
in 10-11 parts of water at room-temperature and reacts alkaline. 
On being gently warmed it breaks up into carbon dioxide, water 
and soda; this decomposition occurs even on warming the aqueous 
solution, and when a current of air is passed through the concen- 
trated solution at ordinary temperatures carbon dioxide escapes. 
It is used extensively in baking-powders and is the saUratus of 
commerce. 
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Sodium lilicate (sodium water-glass) is prepared, among other 
ways^ by fusing sand together with Glauber's salt and charcoal. It 
yields a vitreous mass^ which is dissolved by boiling water. The 
concentrated solution has the consistency of glue. It finds use as 
a fixative in calico printing, farther for impregnating inflammable 
textiles like theater decorations, etc.; it is also used for '^filling'' 
soaps. 

The sulphides of sodium correspond to those of potassium and 
are prepared in the same way (see Potassium). 

Sodium borate: cf. Borax (§ 283). 

POTASSITTH. 

227. Compounds of potassium occur in nature very extensively 
but not in such large quantities as those of sodium. Potassium 
exists principally in the silicates, especially feldspar and mica. 
Upon the decay of these it is carried into the soil and thence into 
the plants, to which potassium compounds are indispensable. In 
sea-water, also, potassium salts are found. The largest source of 
them is, however, the Stassfurt *"' Ahraum salts'*' (§ ^4), mainly 
double salts of potassium and magnesium, such as carfuillitey 
MgCl, . KCl . 6 aq, kainitey K,SO, . MgSO, . MgCl, + 6H,0, etc. 

The metal was first obtained by Davy by the electrolysis of 
molten caustic potash. One of the commercial methods is to 
ignite a mixture of carbonate of potash and powdered charcoal 
(preferably charred potassium acid tartrate). The extraction of 
the metal is thus analogous to that of sodium; in the preparation 
of potassium, however, potassium carhonyl may be formed under 
certain circumstances, a substance which acquires explosive prop- 
erties on exposure to the air. 

Potassium has a silvery-white metallic lustre and is almost as 
soft as wax at ordinary temperatures. Sp. g. = 0.875 at 13°. It 
melts at 62.5°, boils at about 720°, turning then to a green vapor. 
The mirror-like surface of the metal immediately becomes dull in 
air; when heated in the air it burns with an intense violet light. 
Water is decomposed by it with great vigor, the heat evolved being 
sufficient to ignite the escaping hydrogen and to drive the piece of 
potassium around on the waten 
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Oxygen ComponndB of PotaiBinm. 

228. Potassium oxide, E,0, is formed by the oxidation of thin 
shavings of potassium in dry air or by heating the peroxide with 
the metal. It is a white substance, which unites with water to form 
the hydroxide with the evolution of much heat. 

Potassium peroxide, KO, , is produced together with the mon- 
oxide on burning potassium in the air. It is dark yellow. In con- 
tact with water it yields potassium hydroxide, hydrogen peroxide 
and free oxygen. 

Potassium hydroxide, EOH, results from the action of potas- 
sium on water and is generally prepared in the same manner as 
sodium hydroxide, viz., by treating potassium carbonate solution 
with milk of lime, Ca(OH),. Then, too, it is obtained by heating 
saltpetre with powdered copper (forming copper oxide and potassium 
oxide), and adding water ; the copper oxide can be removed by 
filtration. The hydroxide usually comes on the market in sticks. 

The commercial product (** caustic potash ") is obtained chiefly 
by the first method and usually contains a little sulphate, chloride, 
etc., besides the carbonate which is gradually formed by the action 
of atmospheric carbon dioxide. It can be purified by treating with 
strong alcohol, which dissolves only the hydroxide; after filtering, 
the alcoholic solution is evaporated in a silver dish. Caustic soda 
is also purified in this way. 

Potassium hydroxide is one of the strongest bases. In the solid 
state it greedily absorbs water and carbon dioxide from the air and 
finally deliquesces to a concentrated solution of potassium carbonate, 
while sodium hydroxide under these conditions turns to a solid 
white mass of soda. For this reason caustic potash is a much more 
suitable absorptive agent for carbon dioxide in analyses than caustic 
soda, for the use of the latter might easily cause a stopping up of 
the apparatus. 

Caustic potash is used especially in the manufacture of soft 
soaps. 

Potassium Salts. 

229. Potassium chloride, KCl, occurs at Stassfurt in the min- 
eral sylvite. It crystallizes in cubes and melts at 730°. It is easily 
volatilized ab elevated temperatures. 100 parts 11,0 dissolve 25.5 
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parts KCl at 0°, 57 parts at 100°. Like its sodium analogue, po- 
tassium chloride is precipitated from its saturated solution by hy- 
drochloric acid. It unites with many salts to form double salts. 

Potassium bromide, KBr, is important therapeutically. It is 
prepared by mixing bromine with a potassium hydroxide solution, 
the bromide and the bromate being formed; the bromate is reduced 
by heating the salty product with powdered charcoal. Potassium 
bromide crystallizes in cubes and dissolves readily in water. 

Potassium iodide, KI, also of medicinal value, can be prepared 
like the bromide and also in the following manner: Iodine and iron 
filings are placed together under water, whereupon a solution of the 
compound Fe,Ig is formed; on treating this with a solution of pot- 
ash the oxide Fe,0^ is precipitated, carbon dioxide escapes and po- 
tassium iodide is left in solution; the salt is then obtained by fil- 
tration and evaporation. It crystallizes in cubes and is very soluble 
in water: 1 part H,0 dissolves 1.278 parts KI at 0°. On exposure 
to light or the air the crystals gradually turn yellow because of th(' 
separation of iodine. 

It was remarked in § 46 that iodine, though only slightly sol- 
uble in water, dissolves considerably, when the water contains po- 
tassium iodide. This is due to a compound which iodine forms 
in the latter case; it seems not improbable that such a solution con- 
tains I3' ions. That iodine has entered into combination may be 
concluded from the fact that carbon disulphide takes up nearly all 
the iodine from an aqueous solution of the latter when it is shaken 
with the solution, but only a small proportion when the same oper- 
ation is performed with a solution of iodine in a dilute aqueous so- 
lution of potassium iodide. Nevertheless, a solution of iodine and 
potassium iodide in water behaves in many cases as if all the iodine 
was present in the free state, e.g. when it is titrated with sodium 
thiosulphate. This must be explained by the supposition that in 
the liquid we have the equilibrium: 

If the free iodine is now taken away, the equilibrium is disturbed, 
a new portion of I,' must therefore split up, and so on till it has 
wholly disappeared. 

Potassium fluoride, KF, possesses a peculiar property, which is 
lacking with the other halogen compounds of potassium : it com- 
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bines with hydrofluoric acid eagerly, forming the double halide 
KF.HF. 

Potassium cyanide, KGN (often also written KCy) is manufac- 
tured on a large scale by fusing yellow prussiate of potash with 
potash. 

K,FeCy, + K,CO, = 5CNK + KCNO + CO, + Fe. 

The cyanate of potassium EGNO is reduced by the iron to potassium 
cyanide also. It is very soluble in water, forming a strongly al- 
kaline solution. On account of its great tendency to form double 
salts, it is employed in electro-metallurgy. It is also used in ex- 
tracting gold from its ores (§ 248). 

Potassium chlorate, EClO,, can be obtained by passing chlor- 
ine into a hot solution of caustic potash (§ 56). It is now pre- 
pared almost exclusively by the electrolysis of a hot solution of 
potassium chloride; however, it is more advantageous to first prepare 
sodium chlorate in this way, and then treat this with potassium 
chloride, because sodiui^ chlorate is much more soluble and does 
not retard the electrolytic process by separating from the solution, 
as does potassium chlorate. 

Potassium chlorate is a well crystallized salt, which is used for 
the preparation of oxygen (§ 9) ; farther, it is used in the manu- 
facture of matches and fireworks, and also medicinally as a remedy 
for sore throat. On being heated it gives up oxygen, part of tho 
salt being at the same time converted into potassium perchlorate, 
KCIO,. 

The last named salt is difficultly soluble iu water. It is sometimes 
found in crude Chili saltpetre, rendering it unfit for use in fertilizing 
various cultivated plants. 

Potassium sulphate, E,SO^ , is obtained by tbe action of sul- 
phuric acid on potassium chloride. It crystallizes in beautiful, 
lustrous rhombic prisms and dissolves with some difficulty in cold 
water (1 part in 10 parts H,0 at room-temperature). It is used 
principally for the preparation of potash according to the Lk 
Blanc method. Acid potassium sulphate, KUSO^ , is very soluble 
in water; it melts at 200°, losing water and going over into potas- 
sium pyrosulphate, K^S^O^. The latter breaks up into potassium 
hydroxide and sulphur trioxide on heating. 
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PotaBBium nitrate, ENO,^ is widely distributed in nature, — 
although usually found only in small amounts, — for it is formed 
wherever nitrogenous organic bodies decay in contact with potas- 
sium compounds. This is the basis of an artificial method of pre- 
paring saltpetre, which method was formerly much used. 

In the so-called saltpetre plantations manure, animal refuse, etc., are 
mixed with wood-ashes (containing potash) and lime and the mixture 
divided up into loosely packed heaps, which are frequently turned over so 
as to expose all parts to the air. A certain bacterium (Boo. nttr{flcans) 
conveys the oxygen of the air to the nitrogen compounds of the organic 
matter and oxidizes them to nitric acid, which forms nitrates with the 
bases present. After two or three years the heaps are lixiviated with 
water and potash is added to the solution, thus converting the calcium and 
magnesium nitrates into saltpetre, while calcium and magnesium carbo- 
nates are precipitated. Finally the saltpetre is purified by crystallization. 

Another process of manufacture depends on the double decom* 
position of Chili saltpetre with potassium chloride, which is ob* 
tained in large quantities at Stassfurt: 

KCl + NaNO, = KNO, + NaCl. 

For this purpose hot-saturated solutions of the two salts are 
brought together. As sodium chloride is much less soluble than 
saltpetre at the temperature of boiling water, it is the first to 
crystallize out on evaporation, but when the solution is cooled the 
saltpetre comes out first, for it is much less soluble than sodium 
chloride in cold water. 

Potash saltpetre crystallizes without water in prisms, either 
rhombohedral or rhombic according to the temperature. In the 
neighborhood of tlie melting-point the former is the stable variety, 
at ordinary temperatures the latter. The location of the trans- 
ition-point of the two forms has not yet been ascertained. 100 
parts H,0 dissolve 13.3 parts KNO, at 0°, 247 at 100^ It melts 
at 238°; farther heating breaks it up into potassium nitrite and 
oxygen. It has a cooling taste. 

230. Potash saltpetre is consumed in large quantities in the 
manufacture of gunpowder. This is a mixture of sulphur, charcoal 
and potash saltpetre, the proportions varying in different countries^ 
but being in most cases 75^ KNO,, lOj^ S and 16j^ of charcoal. 
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These proportions of the three ingredients correspond very closely to 
2 molecules KNOs, 1 atom S, and 8 atoms C, which would call for 74.8^ 
KNOa , 11.8^ S and 18.4^ C. One might therefore be inclined to express 
the decomposition of gunpowder, in the main, by the equation : 

2KN0. + S + 80 = K,S + Na + SCO,. 

The chemical reactions which come into play in the explosion of gun- 
powder are really much more complex, however. Abel and Nobel have 
investigated the products formed when it explodes under conditions analo- 
gons to those in firing a gun. Tliey found that about 55-58^ of solid 
matter remains, i.e., about 45-42^ goes off as gas. The solids are at least 
half potash, while potassium sulphate and thiosulphate also are found in 
considerable quantities. The gases are chiefly carbon dioxide and nitro- 
gen, and carbon monoxide in a smaller quantity. The tension of the 
gaseous products amounted to about 6400 atmospheres and the tempera- 
ture attained was about 2200*. 

The solid products of the combustion of gunpowder become very finely 
divided as a result of the explosion and remain suspended in the air for a 
long time as smoke. Gunpowder (black powder), which was formerly the 
only explosive material in use, is now being supplanted more and more by 
smokeless powder. This consists of organic substances which yield only 
gaseous products on exploding, and hence there is no smoke. (See 
HoLLEMAN^B Organic Chemistry.) 

231. Potassium phosphates. The three potassium salts of 
phosphoric acid are known. They are very soluble in water 

Potassium carbonate, K^CG,, potash. This salt was formerly 
obtained solely from wood-ashes, these being soaked in water and 
the strained liquor evaporated. At present it is manufactured 
extensively from potassium chloride after the Le Blakg process. 
Another source of potash is the molasses of the beet-sugar factories, 
that contains the potassium salts in which the sugar-beet is rich. 

Potassium carbonate forms a white powder, which deliquesces 
in the air and is very soluble in water (1.12 parts K,CO, in 1 part 
H,0 at 20°) ; the solution has a strong alkaline reaction. The salt 
melts at dSS"". It is used in the preparation of soft soaps and hard 
glass (potash-glass). 

Potassium silicate, potassium water-glass, is formed when sand 
is fused with potash. Diflterent salts of this sort are described. 
They dissolve in water, forming a thick, mucilaginous mass which 
on drying turns to a vitreous, and finally opaque, product. Potas* 
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sium water-glass is used for the same purposes as sodium water- 
glass. 

Sulphides of Potassium. 

Potassium monosulphide, E,S, is prepared by reducing potas- 
sium sulphate with charcoal. It dissolves in water very readily 
and crystallizes out with five molecules of water. It absorbs 
oxygen from the air, going over into thiosulphate and potassium 
hydroxide: 

2K,S + H,0 + 20, = K,S,0, + 2K0H. 

Acids react with it, liberating hydrogen sulphide. 

Potassium hydrosulphide, KSH, is obtained by saturating a 
caustic potash solution with hydrogen sulphide: 

KOH + H,S = KSH + H,0. 

It is very soluble in water, the solution reacting alkaline; on 
evaporation in vacuo the solution deposits crystals of 2KSH + H,0. 
With potassium hydroxide it forms the monosulphide : 

KSH + KOH = K,S + H,0. . 

Potassium polysulphides. When a solution of potassium mono- 
sulphide is boiled with sulphur, we obtain the compounds K,Sj , 
K,S^, KjSj. A mixture of these substances is also obtained by 
fusing potash with sulphur; besides these it contains the sulphate 
and the thiosulphate and is called hepar sulphuris (** liver of sul- 
phur ") because of its liver-brown color. These polysulphides are 
decomposed by acids with the evolution of hydrogen sulphide and 
the separation of sulphur: 

K,S, + 2HC1 = 2KC1 + H,S + (« - l)S. 



Bubidium and Casium. 

282. These elements are widely distributed, but always occur in ex- 
tremely small amounts. The silicate lepidolite^ or lithia mica, frequently 
contains a little rubidium. The exceedingly rare mineral poUux from the 
isle of Elba is a silicate of aluminium and caesium, and contains about 80^ 
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caBBiam oxide. In general these elements are found wherever potassium 
salts are met with : in mineral springs, in the Stassfurt salts (e.g. car- 
nallite contains rubidium), etc. They were discovered by Bunsen and 
KiRCHHOFF in 1860 with the aid of spectrum analysis (§264); they ob- 
tained their names from the most important lines in their spectra 
{ruhidus = dark red; coBsius = sky-blue). 

In order to separate them from the large amount of potassium salts 
with which they generally occur, they are converted into chlorides and the 
solution is evaporated, whereupon the dry residue is extracted with strong 
alcohol. Almost all the sodium chloride and potassium chloride remains 
behind, while the chlorides of rubidium and csesium dissolve. Platinum, 
chloride is then added to precipitate KaPtCla, RbaPtCU, and CsaPtCle;. 
the solubility of these double salts in water is quite different (at 10° 100* 
parts H«0 dissolve 0.9 parts Ka-salt, 0.154 Kba-salt, and 0.05 Gsa-salt), so- 
that they can be very well separated by fractional extraction with boiling 
water. The rubidium iron ** alum" is particularly well suited for the puri- 
fication of rubidium salts, and especially for their separation from potas- 
sium salts, since it is readily soluble in hot, and only slightly soluble in 
cold water, and moreover crystallizes beautifully ; potassium iron alum,. 
on the other hand, is very soluble even in cold water. 

The metals rubidium and caesium are best obtained by heating their 
hydroxides with magnesium powder in an iron pipe. Rubidium has a 
silvery lustre, melts at 88.5, and has a specific gravity of 1.522 at 15^ 
The metal oxidizes very rapidly in the air or in oxygen, forming dark 
brown crystahs of the peroxide, RbOa. On being heated in a current ot 
hydrogen it yields the hydroxide and free oxygen: 

2RbOa+2H, = 2RbOH + HaO+0. 

* 

The hydroxide is a very strong base ; its salts show much similar- 
ity to the analogous potassium compounds ; they are in several instances: 
less soluble, e.g. Rb-alum, Rb-perchlorate (§ 60), etc. 

Caesium is a silvery white metal; sp. g. 1.85; m. p. 26.5**; b. p. 270*. 
It soon takes fire on exposure to the air. The salts of csesium are very 
similar to those of rubidium; some of them are even less soluble, and are 
therefore used for the preparation of pure csesium compounds. This is 
particularly true of the platinum double salt already mentioned and the 
caesium alum and the acid tartrate. 

Rubidium bromide and iodide, but more so the corresponding com- 
pounds of caesium, have the property of combining with two atoms of 
bromine or iodine, forming yellow or brown colored crystalline com- 
pounds; these metals can thus be trivalent. 
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8UHKABT OF THE GROUP OF ALKALI ITETALS. 

833. The gradual change of the physical properties of these 
metals with increasing atomic weight is made plain by the follow- 
ing table : 



Atomic weight. ., 
Spec, gravity ... 
Melting-point. . . 
Boiling-point . . . 
Atomic volume. . 



Li 


Na 


K 


Rb 
85.4 


7.03 


23.05 


89.15 


0.59 


0.97 


0.865 


1.52 


180.0* 


97.6" 


68. 6' 


88.5- 


Red Leat 


742** 


667' 




11.8 


23.7 


45. a 


66.7 



Cs 



188 

1.88 
26*'-27* 
270" 
70.6 



The specific gravity increases with the atomic weight, as does also 
the atomic volume; on the other hand, there is a fall in the melting- 
and boiling-points. 

From a chemical standpoint we notice, in the first place, the same 
general type in the compounds, showing that all these elements are 
univalent. The hydroxides all have the formula ROH, the halogen 
compounds EX, etc. The salts of them all, particularly even the 
carbonates and phosphates, are soluble in water (although in dif- 
ferent degrees), the former with basic reaction. The metals all 
oxidize very readily in the air. 

On the other hand, we cannot overlook the fact that the metals 
potassium, rubidium and caesium, which are very similar to each 
other, differ from sodium and lithium in many respects. The lat- 
ter displays, as we shall see in the sequel, analogy with magnesium 
in several important points, thus differing from the metals of its 
own group. A slight divergence in the behavior of the first mem- 
bers of a group from that of the rest is found to characterize 
almost all of the groups. We may recall carbon, for instance, the . 
first member of the fourth group, which differs distinctly from 
silicon and the rest in the ability of its atoms to unite with each 
other; also fluorine with its soluble silver compound; still other 
examples of this sort will be met with later. 

Sodium differs from the sub-group, K, Rb, Cs, in the solubility 
of its salts. The sodium salts are almost all readily soluble in water; 
this is true even of the platinum double salt, Na,PtCl,, the acid 
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sodium tartrate and others. Soda crystals weather, while potash 
deliquesces in the air.. The spectra of sodium, on the one hand, and 
the other alkali metals, on the other, are entirely dissimilar. 

AmmoiLiiim Salts. 

234. In the description of ammonia (§ 111) it was already ob- 
served that it combines with acids directly, forming salts which are 
very similar to those of potassium, and in which the group, NH^ , the 
ammonium group, is assumed to exist« In connection with the 
alkali group a description of a few ammonium salts may find a place. 

The aqueous solution of ammonia must, because of its electrical 
conductivity and its alkaline reaction, contain NH^ and OH ions 
and hence also undissociated molecules of ammonium hydroxide, 
NH.OH. While solutions of the alkalies, KOH, NaOH, etc., 
conduct the electric current very well, this is not the case with an 
ammonia solution; it is a poor conductor. A solution of 1 g. NH, 
in 1 liter of water contains only one per cent of ionized NH^OH 
molecules. 

This is due to the fact that the solution contains chiefly KH, 
molecules and only a little NH^OH so that the concentration of 
the NII^ and OH ions is necessarily weak. Moreover, since the ten- 
sion of the ammonia gas above the solution approximately obeys 
Henry^s law, it is probable that the ammonia and the water are 
combined only to a small extent (cf. § 29). 

The same conclusion is reached from the fact that solutions of the 
primary, secondary and tertiary amines (Organic Chemistry, § 70) also 
display a conductivity not much greater than that of ammonia itself, 
while the quaternary ammonium bases, on the contrary, are very good 
conductors. In the latter instance the molecule can no longer break up 
into NR« (R = alkyl or hydrogen) and H,0. 

On account of the volatility of ammonia and the extensive dis- 
sociation of NH^OH into NH, and H,0 the ammonium salts are 
easily decomposed. 

Ammonium chloride, NH^Gl, sal afnm^oniac, is obtained from the 
ammonia liquor of the gas factories. The ammonia is expelled by 
warming and absorbed in hydrochloric acid; this solution is evap- 
orated and the solid residue sublimed, whereby the salt is obtained 
in compact fibrous masses. It dissolves in 2.7 parts of cold, and in 
1 part of boiling, water and crystallizes out of the solution in small. 
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usually feather-like groups of octahedrons or cubes. It has a sharp 
saline taste. 

Ammonium chloride vaporizes easily, dissociating into ammonia 
and hydrochloric acid, as is shown by the vapor density, which at 
350^ is only half as great as calculated. 

This dissociation can be easily demonstrated in tbe following manner: 
Introduce into a tube sealed at one eud a little ammonium chloride and, 
not far from this, a piece of blue litmus paper. In front of the latter is 
pushed a cotton wad and finally a piece of red litmus paper. The chloride 
is then heated. Since hydrochloric acid has a smaller diffusion-velocity 
than ammonia the latter passes through the wad first and colors the red 
paper blue; as a result an excess of hydrochloric is left at the other end 
and it reddens the blue paper placed there. 

It is a remarkable fact, discovered by Baker, that perfectly dry 
ammonium chloride (having stood for a long time in a desiccator 
over resublimed phosphorus pentoxide) has the normal vapor density. 
On the other hand, the same investigator found that similarly dried 
ammonia gas and hydrochloric acid gas do not unite to form ammo-' 
nium chloride (§ 38). Traces of water are thus seen to produce a 
marked catalytical acceleration, both of the formation and of the 
decomposition of ammonium chloride. We have here an illustra- 
tion of the general rule that when one part of the system in a 
reversible reaction is accelerated by a catalyzer the other must be 
likewise affected. The proof of this rule lies in the impossibility 
of the contrary being true, since that would necessitate a change in 
the equilibrium (see § 49). 

Ammoninm sulphate (NHJ^SO^, crystallizes in large rhombic 
prisms and dissolves very readily in water. On boiling the aqueous 
solution some ammonia escapes, acid sulphate being formed. 

Ammonium nitrate, NH^KO,, deliquesces in the air; when 
heated it breaks up into water and nitrous oxide (§ 119). This 
salt is known in three crystallized modifications, the transition- 
points (§ 70) of which have been determined. 

Ammonium phosphates. , The tertiary salt, (NIIJ,PO^, is 
deposited in crystalline form on mixing concentrated solutions of 
phosphoric acid and ammonia. It cannot be dried, however, for 
it then loses ammonia and goes over into the secondary (NHJ,HPO^. 
On boiling the solution the salt again yields ammonia and is trans- 
formed into the primary phosphate. 
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The best known salt of this kind is sodium anunoninm phos- 
phate, NaNII^HPO^ + 4H,0, microcosmic salt. It forms large 
transparent crystals. On being heated it melts, loses water and 
ammonia, and passes over into a vitreous substance, sodium meta- 
phosphate, NaPO,. 

Ammonium carbonate was formerly obtained by the dry distil- 
lation of nitrogenous organic substances, such as hair, nails, 
leather, etc., hence the name "salt of hartshorn," which still 
clings to it. At present, however, it is made by dry distilling a 
mixture of calcium carbonate and ammonium chloride or sulphate 
The product is a mixture (molecule for molecule) of acid salt, 
NH^HCO,, and ammonium carbamate, NH,. CO,. NH^ (this 
latter being the neutral salt minus 111,0). From its composition 
(NH,)j(CO,),.H,0, it takes the name ammonium aesquicarbonate. 
On passing ammonia gas into a concentrated aqueous solution of it 
the neutral salt (NHJ,CO, , separates out as a ciystalline powder; 
it smells strongly of ammonia and passes slowly over into the acid 
salt, NH^HCO,, a white odorless powder, which is scarcely soluble 
in water. This acid salt is also formed directly from the sesqui- 
carbonate, as the latter gives off carbon dioxide and ammonia in 
the air (hence the odor of ammonia) and goes over into the first- 
Bamed salt 

Ammonium sulphide is extensively used in analysis (§ 73). A 
solution of ammonium hydrosulphide (or sulph hydrate), NII^SH, 
is obtained by saturating aqueous ammonia with hydrogen sulphide; 
it is a colorless liquid, which soon turns yellow because of the form- 
ation of ammonium poly sulphides. The oxygen of the air oxidizes 
part of the hydrogen sulphide and thus sets free sulphur, which 
combines with ammonium hydrosulphide to form polysulphides. 
These polysulphides are also obtained by dissolving sulphur in a 
solution of ammonium hydrosulphide. 

On mixing 2 vols. NHi gas and 1 vol. HaS gas at — 18** a white crystal- 
line mass is obtained, which decomposes at ordinary temperatures into 
NH«SH and NHt. The compound NH«SH separates out crystalline when 
hydrogen sulphide is passed into alcoholic ammonia. As low as 45* it is 
<somplotely dissociated into equal volumes of NHt and HsS. 



Digitized by VjOOQ IC 



818 INOROANIO CREJ^ISTBT. 



SALT 80LTJTI0H8. 



236. Every solid substance is soluble in every liquid; however, 
the proportion which dissolves can vary all the way from zero to 
infinity. If only an infinitesimal amount of the solid goes into 
solution, we say ordinarily that the substance is "insoluble*' in the 
liquid; there can be no doubt^ however, that, if our means of inves- 
tigation were sufficiently improved and large enough quantities of 
liquid employed, the solubility would be perceptible. In many 
cases of so-called insoluble substances this has been able to be 
demonstrated with certainty. Even when we confine our attention 
to aqueous solutions of salts (including acids and bases) we find the 
same infinite difference in solubility that is observed between sub- 
stances in general. Substances such as sand, barium sulphate 
(§ 262), silver iodide, etc., are ** insoluble "; others like sulphuric 
acid are able to dissolve in any given amount of water. 

The solubility, i.e. the maximum amount of salt that can ga 
into solution, is a function of the temperature and the pressure; 
as to the former, the solubility increases with the temperature in 
the great majority of cases. If the temperature is plotted on the 
axis of abscissas and the amount of salt which dissolves in one 
hundred parts of water is plotted on the ordinate axis, a solubility 
curve is obtained (Fig. 66) which makes plain the above statements. 

With some salts, e.g. potassium nitrate, the solubility increases 
very rapidly with the temperature ; for sodium chloride it remains 
practically constant. In certain cases, such as those of calcium 
hydroxide and gypsum (within certain limits of temperature) the 
solubility decreases with rising temperature. These phenomena 
are connected, as has already been explained, with the heai of 
solution^ i.e. with the caloric effect which accompanies the 
process of solution, and in the manner expressed by van't Hoff's 
principle of mobile equilibrium (§ 103). In fact saltpetre, for 
instance, whose solubility increases very rapidly (see Fig. 66) with 
the temperature, dissolves in water with a considerable absorption 
of heat. 

286. The term ?ieat of solution has various meanings. We are obliged 
to distinguish between (1) the caloric effect ( f dissolving a salt in a very 
large amount of water; (2) the caloric effect of dissolving a salt in an 
almost saturated solution; and (8) the total heat of solution, i.e. the whole 
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caloric effect of dlssolying a salt in water until the latter is saturated. 
As a rule these three magnitudes will have dissimilar values, indeed their 
algebraic signs may be opposite. This is the case, for instance, with the 
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Fig. ft6.— SoLUBiLiTT Cdrtbs. 

compound CuCls.2HsO; 1 g.-mol. dissolved in 198 g.-mols. HiO at 11^ 
gives a coloric effect of + 3.71 Cal.; 19.66 g.-mols. in the same amount of 
water, - 3.129 CaL 

The heat of solution referred to in van^t Hoff^s principle is that of the 
salt in its saturated solution, for we have the system: salt + saturated 
solution; when the temperature changes, the equilibrium is displaced, i.e. 
salt either goes into solution or crystallizes out, the latter producing just 
as large a numerical effect as dissolving in the saturated solution, but with 
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the opposite sign. As this was not taken into consideration when the 
matter was first discussed, it was believed that there were exceptions to 
the principle, but closer investigation has proved the contrary. 

In some cases the solubility of a salt at first increases gradually 
with rising temperature and then steadily decreases, so that the 
solubility curve has a maximum (cf. Fig. 67). In full agreement 
with van't Hoff's principle the heat of 
solution is negative in the ascending portion 
of the curve, zero at the maximum and 
positive in the descending portion. In the 
case of gypsum, CaS0^.2H,0, for instance, 
1 the maximum has been found to lie at 



1^ ^^ about 38° and at that point the heat of solu- 

tion was actually found to be 0.00; at 14** 
it is - 0.36; above 35°, + 0.24. 

In regard to the dependence of solubility on pressure it is at 
most very slight; it is in entire accord with the principle of Le 
Chatelier. Ammonium chloride, for instance, dissolves with 
.expansion ; therefore its solubility lessens with increasing pressure 
{\^ for an increase of 160 atm.). Copper sulphate, which dis- 
solves with contraction, has its solubility increased 3.2j^ by an 
increase of 60 atm. pressure. 

237. It was formerly thought that the terms **solvent" and 
'*•' dissolved substance " should be kept distinct. However, it has 
since developed that there is no essential difference between the 
parts cf a solution and that aqueous solutions are therefore better 
defined as ** liquid complexes, one of whose components is water," 
than as " water in which substances are dissolved." That there 
is no such essential difl^erence is evidenced first of all by the phe- 
nomena attending the cooling of salt solutions. 

Let us assume a nearly saturated solution of potassium chloride 
at a definite temperature. We have in it two substances (KCl and 
HjO) and two phases (§ 71), hence an incomplete equilibrium. 
We will suppose that the solution is then cooled : potassium chlo- 
ride crystallizes out forthwith and, as three phases are then present, 
the equilibrium becomes complete. We recall that changes in the 
-quantity of any phase have no effect on a complete equilibrium; 
if more salt is introduced into the system, the concentration of 
saturated solution and vapor are unaffected. This is none the less 



Digitized by VjOOQ IC 



SALT SOLUTIONS. 321 

true when water is added or the vapor volume increased, so long as 
the three phases remain. 

On cooling still farther, more potassium chloride is gradually 
deposited until a point is reached when the entire liquid finally 
congeals to a mixture of salt and ice. This point is known as the 
cryohydrio, or eutectio, point. 

The opinion was formerly held that at this point a chemical compound 
between the salt and water (a ** cryohydrate *') came into existence. That 
it is only a matter of mixtures can be seen in the case of colored salts 
(EiCr04), for instance, with a microscope; moreover the composition of 
these so-called hydrates may differ in case the solidification takes place 
under a different pressure. 

If we start with a dilute potassium chloride solution, as another 
example, and cool it, we have ice formed at a definite moment and 
thus complete equilibrium established, ice being the third phase 
required. Below this point the solution can he regarded as saPurated 
in respect to ice, just as it could be in respect to the salt in the pre- 
vious case, for an increase of the solid phase (§ 71) does not cajise 
a displacement of the equilibrium any more than the addition of the 
solid (salt) did in the previous instance. The addition of potassium 
chloride causes part of the ice to go into solution (i.e. melt), until 
that concentration of the liquid phase is reached which corresponds 
to the temperature at which the solution is kept constant. It is 
therefore perfectly analogous to the addition of water to a saturated 
potassium chloride solution in contact with the solid salt, in which 
case also the solid phase goes into solution. If the temperature 
rises, more ice dissolves; if it falls, more crystallizes out — just as 
with rising temperature more potassium chloride goes into solution 
and with sinking more crystallizes out. On farther cooling more 
and more ice will be deposited in this case also, until the cryohydric 
point is reached, when the whole system solidifies to a mixture of 
salt and ice. The analogy is therefore complete. 

The cryohydric point is, according to this view, the point of 
intersection of two curves, viz. : the solubility curves of the satu- 
rated solutions of salt and of ice. 

Another argument against the assumption of any essential 
difference between solvent and dissolved substance (solute) is 
derived from a consideration of the solutions of certain hydrous 
salts, e.g. CaGl,.6H,0. A saturated solution of GaCl, in water at 
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30.2^ has exactly the composition CaCl,.6H,0. At this tempera* 
ture, therefore, the hydrate melts to a homogeneous liquid. If 
either H,0 or CaCl, is added, there is a deposit of CaCl,.6H,0 on 
cooling, for the addition of either causes a depression of the point 
of solidification (freezing-point) of GaCl,.6H,0. In the first case 
this hydrate is in equilibrium with a liquid which contains more 
water than the hydrate does and which is therefore called an 
aqueous solution in the ordinary sense. In the second it is in equi- 
librium with a liquid which contains more CaCl, than CaCl,. 611,0 
and must therefore be regarded as a solution in CaCl,. 

On examining the solubility curres of various salts (cf. Fig. 66) 
it is found that they are in general regular; however, in one of the 
curves (Glauber's salt) a sudden change of direction is noticed. 
This is often observed with salts that contain water of crystalliza- 
tion. Taking Glauber's salt as an example, the phenomenon may 
be explained thus: It has already been remarked (§ 325) that this 
salt has a transition-point at the temperature of 33% Na,S0^.10 aq 
being transformed into Na,SO^ and 10H,0. Up to 33°, therefore, 
we have the hydrous salt as the solid phase; above this temperature 
the anhydrous salt. This change must necessarily involve a sudden 
bend of the solubility curve. Below 33** the curve represents the 
solubility of Na,S0,. 10 aq, above 33° that of Na,S0,. We can there- 
fore also regard the bend in the curve at 33"^ as the ififersection of 
the curves for Na,S0^.10 aq and Na,SO^. In Glauber's salt the 
special case appears where the solubility of the anhydrous salt 
decreases with rising temperature and hence the solubility curve 
falls as the temperature rises above 33°. 

In general, as Ostwald has pointed out, the solubility of any 
substance whatsoever is dependent on the condition in which it exists. 
The solid phase determines the equilibrium, not only by virtue of 
its chemical composition but also by the particular form in which 
the solid substance is present. Thus, e.g., each of the various 
forms of the same polymorphous substance or different hydrates of 
the same salt has its own solubility, other things being equal. 

In a hydrous salt we may have the case where there are various 
hydrates, which are connected with each other by transition-points. 
A salt with m -f- m molecules of water of crystallization passes over 
at a definite temperature into another with m molecules, for ex- 
ample. The latter may, at a higher temperature, have a second 
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transition-point (to anhydrous salt). At each of these points the 
solubility curve will show a bend, because the solid phase changes; 
the curve will therefore assume some such form as that of F'g. 68. 
Let us examine such a solubility curve a little more closely. At 
0® {A in Pig. 68) we will suppose we have pure water and ice, to 
Btart with, and that small portions of salt are then gradually dis- 
Bolved. If the ice phase is to be preserved, the temperature must 
be allowed to sink, for a salt solution has a lower freezing-point than 
pure water. We therefore move along the curve AK. Soon a 



^jngyWOOM^ 




Fig. 6cJ. 

point JTis reached when no more salt dissolves, since all the water 
has now turned to ice. Here, therefore, we have a mixture of ice 
and solid salt, or, in other words, the cryohydric point. 

If we wish to bring more salt into solution after E is reached, 
the temperature must be raised. The ice phase then, of course, 
disappears and in its place we have the salt with {m-{-n) molecules 
of water of crystallization at the bottom. If the solution is kept con- 
stantly saturated by the addition of this salt, we move along the 
curve KB, At By however, we meet the transition-point from the 
salt with (m + ^) mols. 11,0 to the one with m H,0; hence the sol- 
ubOity curve must again bend here and in such a way that at the 
point B the solubility curve of the salt with {m -\- n) mols. H,0 
is steeper than that of the salt with m mols., no matter what the 
form of the curves KB and BC may be. This is at once made clear 
by a course of reasoning entirely analogous to that given for the 
transition of ice to water or of rhombic to monoclinic sulphur (§ 70). 
Finally at G we have a second transition-point from salt with m 
mols. HjO to anhydrous salt, so that the solubility curve there shows 
one more bend. Where the curve CD ends depends on circum- 
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stances. In many cases, e.g. that of silver nitrate^ it ends at the 
melting-point of the anhydrous salt (concentration of the solution = 
100^). In other instances the anhydrous salt can form a second 
(fused) liquid layer under the saturated solution. Finally, men- 
tion may he made of the case of copper sulphate, which at a given 
temperature loses its water of crystallization in contact with its sat- 
urated solution and from that point on shows a decrease in solubil- 
ity with rising temperature, which finally ends in almost total in- 
solubility. 

If we draw a line Jcjc^ through K parallel to the ordinate axis, 
the figure is divided by this line and AKBCD into the following 
regions : To the right of the solubility curve is the region of the un- 
saturated solution, AEk^iB that of the superfused, k^KBCD that of 
the supersaturated solutions. To the left of kjc^ only ice + solid 
salt can exist under ordinary pressures. 

Supersaturated Bolutions. A Glauber's salt solution saturated 
a little below 33° can, if carefully guarded from contact with any 
of the solid salt, be cooled down to room- temperature without any- 
thing crystallizing out, but contact with the tiniest crystal fragment 
of Na^SO^ • lOHjO is sufficient to cause a sudden crystallization of 
this salt. 

Besides Glauber's salt there is a whole series of salts that can 
form solutions having this property, e.g. sodium thiosulphate, many 
nitrates, etc. Such solutions are called supersaturated. They are 
perfectly stable ; they can be shaken or rubbed with a glass rod (which 
ordinarily can greatly promote crystallization) without the forma- 
tion of crystals, provided no trace of the solid salt comes in contact 
with the solution. Such a system, which is thus unstable under 
only one cofiditiofi, is called a metastable system. 

If a supersaturated solution of Glauber's salt is cooled down be- 
low room -temperature, another hydrate crystallizes out, viz. , Na,SO^ . 
7 aq; the resulting system is still metastable, for even now contact 
with the slightest trace of Xa,SO^ . 10H,O suffices to convert it en- 
tirely into the stable system with the deposition of Na^SO^ . 10H,0. 

The amount of salt that Is sufficient to cause the disappearance of a 
metastable system, such as is represented by a supersaturated solution, 
is a quantity of about the order 10~*®g, according to Ostwald. The 
extreme minuteness of this amount explains how it conld formerly be 
supposed that a spontaneous disappearance of the metastable condition 
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was possible. Inasmuch as very small bits of crystals are always float- 
ing in the air (especially in laboratories), it is usually only necessary to 
open a bottle containing a supersaturated solution, in order to excite 
crystallization into the stable system. 

238. For the reasons stated in §§ 65 and 66 it is assumed that 
acids, bases and salts in aqueous solution are split up into ions. 
This dissociation can be more or less complete, according to the 
nature of the solute, the temperature of the solution and its con- 
centration. Examples of this have already been mentioned here 
and there; hydrochloric and nitric acids in tenth normal solutions 
are almost completely dissociated, carbonic and silicic acids scarcely 
at all; among the bases the hydroxides of potassium, sodium and 
the alkaline earths are almost completely dissociated in this dilu- 
tion. This same difference is shown by the salts; those of the 
alkalies are as good as completely ionized, while mercuric chloride 
is very slightly so. We shall return to this subject more in detail 
in the discussion of the metals. 

The principle that solutions containing equivalent amounts of different 
electrolytes differ greatly in conductivity and hence in degree of ionization 
can be demonstrated in an elegant manner with the aid of an apparatus 
devised by W. R. Whitney (Fig. 69). 

Four glass cylinders (8 cm. diam.) are fitted each with two horizontal 
platinum disks (copper can be used but is less satisfactory) to serve as elec- 
trodes, the upper ones being movable. Each lower electrode is connected 
with an incandescent lamp and the apparatus as a whole with the terminals 
of a (preferably) alternating 110-volt circuit. After placing in the tubes 
120 cc. distilled water each they are filled with 5 cc. of half-normal hydro- 
chloric, sulphuric, monochloracetic and acetic acids respectively. On making 
the distance between the electrodes alike in all the cylinders, the lamp be- 
neath the hydrochloric acid is found to glow brightest, since the resistance 
of this solution is the least. The other lamps follow in brightness in the order 
given above. The electrodes are next adjusted so that all the lamps are 
equally bright, when it is seen that while the electrodes in the hydrochloric 
acid are farthest apart, those in the acetic acid are almost in contact. 

In order to show that the alkali salts of these acids, unlike the acids 
themselves, have nearly the same conductivities and degrees of dissociation 
the solutions are neutralized with potassium hydroxide and the lamp test 
repeated. The lamps are equally brilliant when the electrodes are at 
approximately the same heights. 

The dissociation theory furnishes an explanation of many 
physical phenomena of solutions which had been observed before 
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this hypothesis was advanced but which were not understood. We 
may mention a few : 

1. The heat of 7ieutralization is nearly the same for all strong 




Fig. 69. 

acids and loses. This is seen from the following brief table giving 
the caloric effect of neutralization for different acids and bases: 



NaOR. . 
KOH. . . . 
iCa(OH), 
iBa(OH), 
ISr(OH), 

NH4OH.. 



HCI 
(HBr, HI) 



+ 18.7 
-f 13.7 
+ 14.0 
+ 18.8 
+ 14.1 

+ 12.4 



HNO, 



+ 13.7 
+ 13.8 
+ 18.9 
+ 18.9 
+ 18.9 

+ 12.5 



CH^O. 
Acetic Acid. 



+ 13,8 
+ 18.3 
+ 13.4 
+ 13.4 
+ 13.8 

+ 12.0 



}H,S 



+ 3.8 
+ 8.8 
+ 8.9 



+ 3.1 



The theory explains this as follows: The bases and acids in 
question are almost completely dissociated into ions in dilute solu- 
tion. The formation of a salt must therefore be represented by 
the equation : 

M' + OH' + A' + H- = M- + A' + H,0, 
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i.e. the iona H" and OH' unite to form water, which i& only slightly 
dissociated into ions^ while M' and A' remain in the free state just 
as before the mixing of base and acid. The only thing that occurs 
in the process of salt-formation in dilute solutions is the union of 
hydrogen and hydroxyl ions to form water, no matter which (strong) 
bases and acids are brought together. The heat of neutralization 
for weaker acids (acetic acid, C,H^O, , and hydrogen sulphide) is 
different (see table), since more processes are involved in the 
formation of the salt in these cases than simply the production of 
water; in neutralizing with weak acids the separation of the ions 
requires a certain heat expenditure. In the formation of a salt 
from ammonia water a caloric effect is produced by the addition of 
ammonia to the acid and another by the subsequent ionization 
of the salt. 

2. On mixing dilute solutions of the salts of strong bases and 
acids no caloric effect is to be observed. This is the law of thermo- 
neutrality. When considered from the standpoint of the ionic 
theory, it becomes at once intelligible: When the salts are mixed, 
they remain completely dissociated ; no reaction whatsoever takes 
place, that could produce a heat effect. 

3. On mixing strong acids and bases in dilute solution the same 
change of volume results in each case, according to Ostwald. 
The following table gives the volume change in cubic centimeters 
for different combinations, when 1 kg. liquid containing 1 gram- 
equivalent of acid is mixed with 1 gram-equivalent of base, also 
diluted to 1 kg. liquid. (-|- indicates an increase, — a decrease, in 
volume.) 





KOH 


NaOH 


NH4OH 


HNOt 


+ 20.05 cc. 
+ 19.62 
+ 19.68 
+ 19.80 


+ 19.77 cc. 
+ 19.24 
+ 19.84 
+ 19.66 


- 6.44 cc. 


HCl 


— 6.67 


HBr 


— 6 67 


HI 


-6.44 



For the strong bases KOH and NaOH we find there is nearly 
the same expansion in each case. When the base is ammonia, 
however, the process of salt formation is of a different nature and 
a contraction is observed on mixing the components. 

4. If an acid or a base forms salts whose aqueous solutions are 
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colored, this color is the same for all salts whose other ion is color- 
less (Ostwald). This is illustrated by the salts of permanganic 
acid and certain organic acids, for instance, which give exactly the 
same absorption spectrum in equivalent dilute solutions. If we 
assume that it is the anion of the acid which gives the color to the 
liquid, the phenomena are at once understood. 

When the solvent is one in which ionization does not occur, 
the salts of the same base may differ widely in color. For instance, 
a solution of cobalt nitrate in alcohol is purple, that of the chloride 
is bluish violet; but if both are poured into an excess of water, 
the solution becomes pink in each case. Another example is 
found in the alcoholic solutions of copper chloride and nitrate; 
the first is dark green, the latter blue; on addition of water both 
become blue. 

239. A large number of salts are known which have a basic or 
acid reaction in aqueous solution. Examples of the former were 
met with in the carbonates of the alkalies, potassium cyanide, etc. ; 
aluminium sulphate is an example of the second sort. The salts of 
many heavy metals, also, react acid. All such salts have the 
common property of being derived either from a weak acid or a 
weak base. The theory of electrolytic dissociation supplies the 
following explanation of this phenomenon: Let us take a solution 
of potassium cyanide for example ; here there are undissociated KCy 
molecules and K and Cy ions present and farther a very small 
amount of H and OH ions, because the water also is broken uj>' 
into ions to a very slight extent. We thus have in the solution 

H,0 + KCy + K- + Cy' + H' + OH'. 

Now the ionization of prussic acid is extremely slight. As Cy and 
H ions are present side by side, they unite to form HCy molecules, 
until the equilibrium between HCy and its ions is established 
according to the existing dilution. The result is that more water 
molecules must be ionized, so that more OH ions (which are in equi- 
librium with the K ions) than H ions enter the solution. The acid 
reaction due to the latter is much more than counteracted by the 
alkaline reaction of the former since the concentration of the H 
ions is less (§ 66); hence the liquid gives an alkaline reaction. 
The acid reaction of salts of weak bases can be explained in an 
exactly analogous manner. 
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This breaking up of a salt into free acid and free base under 
the action of water is termed hydrolytio disBOoiation ; it is especially 
apt to occur with salts which have a weak base and also a weak 
acid, for in such a case not only do the anions of the salt combine 
with the H ions of the water but the cations also combine with the 
Oir ions of the latter. However, if one of the components has a 
certain strength, as, e.g. the base in the case of KCy just con- 
sidered, the Oil ions remain free and the ionization of the water ia 
greatly diminished by the large proportion of OH ions. As a result 
the hydrolytic dissociation cannot proceed very far. 

This hydrolytic dissociation underlies a number of phenomena 
in analytical chemistry. When a solution of a chromium or 
aluminium salt is treated with ammonium sulphide or carbonato, 
we should expect the sulphide or carbonate of chromium or alumin- 
ium to be formed, but, inasmuch as the base as well as tlie acid 
is weak, the great excess of water causes a complete dissociation of 
these salts so that hydrogen sulphide or carbon dioxide escapes and 
the base is deposited. 

If ammonium chloride is added to an alkaline solution of 
aluminium hydroxide, the latter is precipitated, thus behaving 
as an extremely weak acid; hence the ammonium aluminate suffers 
complete hydrolytic dissociation. For the same reason free silica 
is precipitated by ammonium chloride from the solution of an 
alkali silicate. In both cases the action is aided by the fact that 
the ammonium hydroxide which is primarily formed in the liydrol- 
ysis splits up almost entirely into ammonia and water (§ 234). 

The conduct of silver borate is interesting. On treating a 
concentrated solution of an alkali borate with silver nitrate, white 
silver borate is deposited. In a dilute solution, liowever, silver 
borate gives a grayish brown precipitate of silver oxide; it follows 
from this that a great excess of water is required to eifect the com- 
plete hydrolysis of silver borate. 

Aoidimetry and Alkalimetry. Theory of IndioatorB. 

240. The amount of acid or base present in a liquid can be 
determined most simply by volumetric analysis (§ 93). That part 
of volumetric analysis which comprises the methods used for this 
purpose is known as acidimetry and alkalimetry. Suppose that we 
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wish to determine the amount of hydrochloric acid present in a 
given volume of liquid. A known volume of this liquid (50 cc., 
10 cc, or less, according to the supposed concentration) is meas- 
ured out and sodium hydroxide solution of known concentration is 
slowly added from a burette. When the point has been found at 
which the liquid becomes neutral^ it is easy to calculate the con- 
centration of the acid from the number of cubic centimeters of 
sodium hydroxide consumed. 

Example, Determine the amount of nitric acid present in a liter of a 
solution of this acid if 10 cm.* are neutralized by 7.3 cm.' of a normal alkali 
solution. These 7.3 cm.* are equivalent to the same number of cubic cen- 
timeters of normal nitric acid. Therefore the 10 cm.* contain 7.3 milli- 
gram molecules of nitric acid or 68 x 7.3 mg. One liter must contain 
a hundred times as much, or 45.09 g. 

Before we can determine the concentration of an acid or an 
alkali in this manner, we must first possess an alkali or base solu- 
tion of known concentration and farther have a delicate means of 
detecting when the liquid is exactly neutralized. 

1. Preparation of an acid and an alkali of known concentration. 
This can be done in various ways. Oxalic acid, C,H,0^ -f- 2H,0, 
succinic acid, C^II^O^ , or tartaric acid, C^H^O^, can be used as the 
basis, for all of these are crystallized solids and can be easily obtained 
in a state of sufficient purity; hence the amount of acid dissolved 
can be very accurately determined by previously weighing the 
substance on an analytical balance. We thus weigh out 1 g.-equiv- 
alent (J g.-mol.) of one of these acids, dissolve it in water and 
dilute to exactly a liter. Thereupon with the help of this normal 
acid a normal alkali is prepared: a little more than 1 or ^ or ^^ 
•etc., equivalent of sodium hydroxide or potassium hydroxide (barium 
hydrate is also very satisfactory) is dissolved in water and this 
solution is standardized according to the normal acid, i.e. the 
concentration is determined by titration with normal acid and then 
diluted so that it is just normal. 

Sodium carbonate can ajso be used as a basis. After being first heated 
in order to expel all moisture it is weighed out and dissolved in water. 
This solution is heated to boiling and covered with a glass plate with a 
hole in it through which the point of a burette is passed. The solution of 
the acid whose concentration is to be determined is then allowed to flow 
from the burette into the boiling liquid till neutralization is effected ; 
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earbon dioxide escapes, but the glass plate prevents any loss of the liquid 
by spurting. 

The standardizing can also be accomplished by adding the acid solution 
that is to be standardized to a mixed solution of EI and KlOt. HI and 
filOs are set free and they react at once in the following manner : 

5KI + KIO. + 6HX = 5HI + HIO, + 6KX; 
5HI 4- HIO, = 3H,0 + 61. 

Thus for every equivalent of acid one atom of iodine is set free. By 
titrating with sodium thiosulphate the amount of iodine liberated can be 
determined. This method gives very accurate results. 

2. Determination of the point at tohich the liquid becomes 

neutral. Since the point of neutralization of an acid by a base or 

vice versa, is not indicated by any visible phenomena, a minute 

quantity of some substance is added whose color is altered by an 

excess of the neutralizing liquid. Such substances are litmus (blue 

in alkaline and red in acid solutions), pbenol-phtalein (red in 

alkaline, colorless in acid), methyl orange (yellow in alkaline, red 

in acid) and many others. Therefore on gradually adding an 

alkaline acid 

TT- solution to an ,, ,. — solution in the presence of one of 

acid alkaline ^ 

these substances a change of color will be noticed when the point 
of neutrality is just passed. Coloring-matters like the above are 
termed indicators. They are mostly of a feebly acidic character 
(in a few cases slightly basic). The change of color depends on 
their transformation into salts which have a different color than 
the free acfd. 

241. From the standpoint of the ionic theory the following 
theory of indicators has been advanced : If a couple of drops of 
the indicator are introduced into an acid solution the ionization 
of the indicator, which is only very feeble, is reduced by the great 
excess of acid to practically zero. If a base is then added, the 
H ions of the acid to be titrated are removed by the OH ions. 
However, if the acid is very strong, enough H ionB remain in the 
liquid up to the last to prevent any thing like an extensive ioniza. 
tion of the coloring-substance; not until the first excessive drop of 
alkali is added do the anions of the coloring-substance come into 
existence, the alkali compound of the latter being strongly disso- 
ciated. The change of color is therefore sharply defined, for it is 
due to this difference in color of the non-ionized molecule and the 
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anion. On the contrary, if the acid is a weak one, there will not be 
enough K ions present when the end of the titration is nearly- 
reached to prevent a slight ionization of the coloring-substance. 
As a result we shall have in the solution not only the undissociated 
coloring-substance but its anions as well, even before the titration 
is completed, — in other words, the change of color becomes more 
gradual and hence the end reaction more indefinite. The effect 
must be the same if the alkali employed contains carbonate. In 
that case near the end of the titration the solution will only contain 
carbonic acid, which is very weak; consequently the color change is 
not sudden. It is for this reason that in titrating soda solutions 
(see § 240) the carbonic acid must be eliminated by boiling. 

If a weak acid is to be titrated, it is necessary, according to the 
above, to select an indicator which is much less ionized even than 
the acid itself and whose alkali salts are sufficiently ionized to 
produce a distinct change of color. A very suitable one for this 
purpose is phenolphtalein. Acetic acid, for example, can be 
satisfactorily titrated with it, if a strong base is employed, for the 
reasons set forth above. On the other hand, in case a weak base 
is to be titrated, phenol-phtalein is not so satisfactory. Ammonia 
does not color a phenol-phtalein solution till a considerable excess 
is added, because at the great dilution in which its ammonium 
compound exists in a titration it is almost completely split up by 
hydrolysis (§ 239). 

If a weak base is to be titrated, an indicator must be selected 
which is a relatively strong acid, for then the salt of the coloring- 
substance will be hydrolyzed only to a limited extent, even near 
the termination of the titration (i.e. when the concentration of 
the base has become weak), and therefore the color of its ions will 
still predominate. For such a titration a strong acid (e.g. hydro- 
chloric or sulphuric acid) must be used in order that the first drop 
after the moment of neutralization may diminish the electrolytic 
dissociation of the coloring-substance and so give the solution the 
color of the non-ionized molecules. Methyl orange is an indicator 
that answers these requirements ; it serves very well in the titration 
of ammonia. All other indicators are intermediate to these two 
extremes (phenol-phtalein and methyl orange) as regards their ioni- 
zation and their applicability is determined accordingly. 
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242. This metal occurs native in America, China and Japan, 
forming regular crystals. Other copper minerals are cuprite 
{Cu,0), malachite and azurite (both basic carbonates), chalcocite 
•(CuS) and particularly chalcopyrite^ or copper pyrites y (CuFeS,). 

The extraction of the metal from non-sulphurous ores is 
Yery simple. They are smelted with coal and thus reduced to the 
metallic state. If the copper ore contains sulphur^ the metal- 
lurgical process is much more complicated and has numerous modi- 
fications. The ore is broken up and "calcined" so as to conyert 
some of the copper sulphide into copper oxide. Thereupon it is 
fused with sand and other siliceous fluxes, as well as coal for re- 
ducing copper sulphate, whereby the iron but not the copper is 
converted into silicate. The object of the flux, here as with other 
metals, is to lower the fusing temperature of the ore and collect the 
impurities (iron in this case) into a ''slag'' consisting of fused 
silicates, etc. The slag floats and can be run off. The fusion 
process is repeated until all the iron is eliminated. The resulting 
mixture of impure copper sulphide and copper oxide is called matte 
(also regulus and coarse metal). By repeated roasting and fusing, 
•crude metallic copper is obtained : 

2Cu,0 + Cu,S = 6Cu + SO,. 

Finally it is fused with coal to reduce any copper oxide remaining. 

Refining. The copper thus obtained often contains small quantities 
of other metals. Since these impurities lower its conductivity a better 
i;rade is demanded for electrical purposes. Crude copper is now refined by 
an dectrolyticMl process which yields chemically pure copper. If an impure 
eopper solution is electrolyzed it is possible under certain circumstances to 
precipitate pure copper in a compact mass, while the impurities remain in 
solution or are deposited as powder. From these '* slimes" a considerable 
amount of gold and silver is obtained. 

The usual arrangement is to suspend plates (** anodes ") of crude copper 
and thin sheets of pure copper alternately in a copper vitriol solution 
acidified with sulphuric acid. If the crude plates are then connected with 
the positive pole and the thin sheets with the negative pole of the dynamo 
current, pure copper is deposited on the sheets while an equivalent amount 
of the crude copper dissolves to take its place. In 1900 the estimated daily 
production of electrolytically refined copper in the United States was 673 
metric tons (one-half the world's copper output). 
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Physical Properties. Copper has a bright red color. It is 
rather hard but very extensible and flexible; it can be drawn out 
into very fine wire and beaten into extremely thin sheets (imitation 
gold-leaf), which are green in transmitted light. Sp. g. =8.94; 
melting-point = 1046°. 

Chemical Properties. In dry air copper is permanent at ordi- 
nary temperatures, but in moist air it becomes covered with a thin 
coating of basic copper carbonate, which protects it from further 
rusting. On being heated in the air it turns to copper oxide, CuO. 
It is easily corroded by nitric acid (§ 120), but not by dilute hydro- 
chloric acid. Sulphuric acid has no effect on it at ordinary tem- 
peratures, but at higher temperatures a reaction takes place in which 
sulphur dioxide is given off (§ 78). Ammonia aud oxygen dissolve 
it to form a blue liquid, copper oxide-ammonia. Copper is de- 
posited from solutions of its salts by iron, magnesium, ete. 

Uses and alloys. Copper finds extensive use in the arts, botli 
as such and in alloys. The well-known yellow b r a s s is an alloy 
of 1 part zinc and 2 parts copper aud is harder than copper itself. 
German silver consists of about bQ% Cu, 25^ Ni and 2b% Zn : 
its electrical conductivity is affected very little by changes of tem- 
perature, which makes it valuable for resistance coils, etc. For 
bronzes see § 199. 

Copper is employed in large quantities in electrotyping. 
A cast is first constructed of plaster of Paris and made a conductor 
by coating it with graphite, whereupon it is suspended by the wire 
of a battery into a copper sulphate solution ; a plate of pure copper 
serves as the anode. If the potential difference at the electrodes is 
properly regulated, the copper is deposited on the plaster cast in 
<;ompact form, so that all the details of the original are reproduced 
• with the greatest fidelity. 

Compounds of Copper. 

243. Copper forms two sets of salts, which are derived from the 
oxides Cu,0, cuprous oxide, and CuO, cupric oxide. 

CUPEOUS COMPOUNDS. 

Cuprous oxide, Cu,0, can be obtained from cupric salts in 
various ways, e.g. by reducing in alkaline solution with grape 
sugar, hydroxylamine, arsenious acid, or the like. It forms » 
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reddish -yellow crystalline powder, which is unaffected by the air 
at ordinary temperatures. It dissolves in ammonia; this solution 
rapidly turns blue because of the absorption of oxygen, the cuprous 
oxide going over into cupric oxide. Cuprous oxide is transformed 
by sulphuric acid into copper sulphate and copper: 

Cu,0 + II,SO, = CuSO, + Cu + H,0. 

It is possible that cuprous sulphate is first formed and that the 
cuprous ions of this solution are forthwith changed into cupric 
ions and non-ionized copper, 2Cu" = Cu" + Cu. 

Of the caprouB salts only those of the halogens are known. 
Cu,Cl,, Cu.Br, and CuJ, are all *' insoluble" (cf. § 235); their 
solubility decreases with increasing atomic weight of the halogen. 

Cuprous chloride, Cu^Cl, (the vapor density indicates this 
doubled formula), is formed when a solution of cupric chloride is 
boiled with copper, or when a mixed solution of copper sulphate 
and sodium chloride is saturated with sulphur dioxide gas and the 
resulting liquid poured into water. It is a white crystalline sub- 
stance, which must be kept under water, for it absorbs oxygen 
rapidly when moist and turns green from the formation of basic 
copper chloride, CuCl • OH. It melts at 430*^ and distills at ca. 1000°. 
It is soluble in concentrated hydrochloric acid and ammonia. 
These solutions are at first colorless but very soon become blue 
because of the absorption of oxygen (formation of cupric com- 
pounds). They also have the power of absorbing carbon monoxide, 
forming an unstable compound, Cu,Clj.C0.2H20, which crystal- 
lizes in colorless laminsB, and they are therefore used to absorb this 
gas in gas analysis. 

Cuprous iodide, Cujj,, is formed when a solution of copper 
sulphate is treated with potassium iodide, half of the iodine being 
liberated : 

2CuS0, 4- 4KI = 2K,S0, + Cu J, + I,. 

It may be supposed that in the very first stage cupric iodide (with 
the ions Cu" and I') is formed and tliat the bivalent cupric ion is 
then converted into the univalent cuprous ion : 

Cu" + 21' = Cul + I. 

According to Ostwald, however, an equilibrium is formed here, since 
the reaction does not complete itself and copper still remains in solution. 
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This follows from the fact that cuprous iodide is dissolved by an alcoholic 
iodine solution. We therefore have: 

Cu +2r^0uI + I. 

If we reirove one of the reaction products, the liberated iodine (e.g. by 
sulphur dioxide), the reaction will be able to complete itself and the 
more so as iodine is converted into I ions; the concentration of one of the 
components on the left side of the equilibrium equation is thus raised, 
80 that the deposition of the scarcely soluble salt is made more complete. 

Cuprous cyanide, Cu^Cy, , can be obtained in a manner analo* 
gous to that described for cuprous iodide, viz., by mixing solutions 
of copper sulphate and potassium cyanide. Half of the cyanogen 
escapes as gas : 

2CuS0, + 4KCy = 2K,S0, + Cu,Cy, + Cy,. 

Cuprous cyanide dissolves very readily in an excess of potassium 
cyanide, forming a salt, 2KCy-CUjCy,, which contains a complex 
anion (Cu^CyJ". Practically all of the copper ions go to form 
these complex ions on the addition of potassium cyanide, for the 
solution gives none of the ordinary reactions for copper, not even 
that with hydrogen sulphide, although copper sulphide is precipi- 
tated by it even when the concentration of the copper ions is very 
slight (§ 73). 

CUPEIC COMPOXrNDS. 

244. Cupric oxide, CuO, is a dense black powder, obtained by 
heating copper in the presence of oxygen at a high temperature. It 
can also be prepared by igniting the nitrate till it glows or heating 
the hydroxide or the carbonate. When finely divided it occludes 
on its surface large amounts of steam. It finds extensive use in 
organic analysis. 

Cupric hydroxide, CuO.nll^O, separates out as a flocculent, 
voluminous blue precipitate (hydrogele, § 195) when the solution of 
a copper salt is treated with caustic poUish or soda. On boiling the 
liquid it turns black, water being liberated and cupric oxide formed. 

Cupric chloride, CuCl^ + 211,0, is obtained by dissolving 
cupric oxide or carbonate in hydrochloric acid. It crystallizes in 
blue rhombic needles, which, however, often appear green because 
of mother liquor adhering to them. . It is readily soluble in water 
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And alcohol. The anhydrous salt is yellow; the concentrated 
aqueons solution is green; the dilute solution is blue. This differ- 
ence can be attributed to the breaking up of the salt into its ions^ 
for all dilute copper solutions are blue, no matter what the acid 
radical is. It therefore follows that the copper ion imparts a blue 
color to solutions. In a concentrated solution of cupric chloride 
the yellow color of the undissociated molecules forms with the blue 
of the copper ions a green color. 

The following phenomenon is rather peculiar. If water is added to a 
solution of cupric chloride till it is just blue and the liquid is then warmed, 
the color changes to green. According to the above explanation of the 
change of color the electrolytic dissociation must diminish on warming, 
wherefore, in accordance with the principle of mobile equilibrium (§ 235), 
the heat of ionization must be positive, in other words, heat must be 
evolved when the salt splits up into its ions. Experiments by Arbhenius 
have shown this to be true for certain salts, e.g. copper sulphate, so that it 
may also be assumed here. 

On mixing a copper sulphate solution with a concentrated 
sodium chloride solution the color turns green because of the 
formation of CuCl, molecules. We should therefore expect this 
same result when an excess of chlorine ions is introduced into any 
copper solution, and experience has shown this to be the case. 

Cupric bromide is analogous to the chloride; cupric iodide is 
unstable, decomposing at once into iodine and cuprous iodide 
(§ 243). 

Copper sulphate, CuSO^ +- 5H,0, blue vitriol, is the most 
familiar salt of copper. It is obtained as a by-product, chiefly 
from gold and silver refineries, and is alsd manufactured by dis- 
solving copper in sulphuric acid. It crystallizes in large blue 
triclinic crystals, which lose four molecules of water at 100°; the 
fifth is liberated at 200°. The anhydrous copper sulphate is a 
white powder, which absorbs water greedily, turning blue again. 
At 20° 100 parts Hfi dissolve 42.31 parts of the crystallized sul- 
phate. Blue vitriol is employed in large quantities in electro- 
plating, etc. (§ 242). 

Copper nitrate, Cu(N03),, can crystallize with three or six 
molecules of water and is dark blue. 

Copper carbonate. The normal salt is unknown, but basic salts 
have been prepared. 
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Copper arBenite, OuHAsO,, is used as a pigment under the 
name of Scheele's green; Schweinfurth greeUy or Paris green, is a 
double compound of copper arsenite and copper acetate. Since 
both are very poisonous, their use in dyeing textile fabrics, wall 
paper, etc. (§ 157) is being restricted. 

Copper sulphide, GuS, is formed as a black precipitate by pass- 
ing hydrogen sulphide into a copper solution. When moist it 
oxidizes slowly in the air to copper sulphate. On being heated 
in a current of hydrogen it yields cuprous sulphide, Cu,S, and 
hydrogen sulphide. 

Copper salts and ammonia. On mixing a solution of ammonia, 
with a copper salt, a precipitate of copper hydroxide is first 
formed, if not too much ammonia is used; this precipitate is 
dissolved by an excess of ammonia to a dark blue solution. If the 
latter is evaporated or treated with alcohol, ammoniacal compounds 
crystallize out; a typical one is CuSO^ + ^NH, + H,0, which is 
transformed into CuSO^ + 2NH, on heating to 150°. The aqueous 
solutions of these substances are to be assumed to contain complex 
ions of copper and ammonia, since they do not give some of the^ 
ordinary copper reactions, e.g. precipitation with caustic potash. 
The fact that certain other reactions of copper do however appear, 
e.g. precipitation with hydrogen sulphide, proves that free copper 
ions are still present in the liquid, although only to a small 
extent. 

SILVEB. 

245. This metal occurs native; nuggets weighing 100 kilos are 
not unknown. The important silver ores are argentitcy Ag,S, 
stromeyeritey Gu^S - Ag^S, pyrarggrite, 3Ag,S-Sb,S, and siephanite, 
AgjS^Sb. It is also found in smaller amounts in cerarggriie, or 
horn silver, AgCl. Traces of silver compounds are known to exist 
iu sea-water. Many lead ores, e.g. galenite, contain a small per- 
centage of silver and in some cases it is extracted. 

The chief silver-producing countries are the United States 
(Colorado and neighboring states), Mexico, Australia and Bolivia. 

The metallurgy of silver is rather complicated; several processes 
are employed. 

(1) The sulphurous ores are roasted in the air, whereby the 
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sulphate, Ag,SO^, is formed. This is extracted with water and 
the silver precipitated from the solation by iron. 

(2) The ores containing free silver are roasted with common 
salt, thus yielding silver chloride. The latter is then brought 
into solution by means of sodium thiosulphate and sodium sulphide is 
added to precipitate the sulphide of silver. This is then converted 
into the metal by heating at a high temperature. 

(3) Amalgamation Process. In Mexico, where there is 
lack of fuel, the ores, finely powdered, are stirred into water and 
treated with sodium chloride; this mud is intimately mixed by 
spreading it out on a floor {Patio) and making mules tread it out. 
Thereupon some mercury is added, as well as a mixture of ferric 
and cupric salts, and the whole is worked over thoroughly for 
several days. The liberated silver forms an amalgam with the 
mercury and can be obtained by distilling off the mercury. In 
the above process th^ following reactions probably take place: 

2CuCl, + Ag,S = Cu,Cl, + 2AgCl + S. 

The cuprous chloride, Cu,Clj, dissolves in the brine and reacts 
with another portion of silver sulphide: 

Cu,Cl, + Ag,S = Cu,S + 2AgCl. 

The silver chloride dissolves in the brine and the silver is precipi- 
tated from solution by mercury, which goes over into calomel. 

(4) Lead ores usually contain some silver. In the smelting of 
lead the silver all goes into the lead and is recovered from it in the 
following way: The argentiferous lead is fused and then cooled 
slowly till it begins to congeal. Just as pure ice crystallizes out of 
a dilute salt solution on cooling, so the lead separates out here 
in crystals free from silver. These are removed and this process — 
called Pattinsonizing after its inventor — is kept up till the percent- 
age of silver reaches about \^. This rich lead is then subjected to 
the cupellation process, i.e. the lead is fused in a reverberatory 
fnmace, whose hearth consists of a porous mass, (cupel, or test). 
The lead. is oxidized to the easily fusible oxide PbO (litharge) 
which is partly driven off by a blast from time to time through the 
channel provided for its escape and partly absorbed by the .porous 
material (bone-ash, or clay and limestone) of the cupel. Towards 
the end of the process the film of litharge remaining becomes so 
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thin that the eilyer beneath reflects the lights producing a beautifal 
iridescence. Here and there the film breaks, disclosing the brilliant 
surface of the metal ('^brightening*' of the silver). The silver is 
finally left in the metallic state. 

Another method (Parkes') is based on the facts that silver 
dissolves very readily in molten zinc and zinc only slightly in 
molten lead. The fused lead can therefore be extracted with fused 
zinc (cf. Organic Chem. § 24). The process is as follows: To the 
fused argentiferous lead some zinc (containing 0.5^ A\) is added 
and the mixture stirred. The zinc takes up most of the silver 
from the lead and floats on the molten mass. It is skimmed off 
and cast into plates, which serve as the anodes in the subsequent 
electrolysis. At the cathode nearly pure zinc is deposited, while 
silver powder (70-80j< Ag, the rest Pb) sinks to the bottom and is 
removed to the cupel. 

The electrolytic refining of silver is now carried on exten- 
sively in America. About 62,000 oz. Troy is recovered daily from 
the copper slimes (§ 242). 

The pure silver of commerce usually contains a little copper 
and other metals; Stas obtained it chemically pure by dissolving 
the product of the smelter in nitric acid and precipitating it with 
hydrochloric acid as the chloride; this was then reduced by boiling 
with dilute caustic potiish and milk sugar and finally distilled with 
the aid of an oxyhydrogen flame in an apparatus made of lime. 

Physical Properties, Silver crystallizes in regular octahedrons; 
it has a white color and a high lustre; it is the best conductor of 
heat and electricity of all the metals and it is very malleable and 
ductile. Sp. g^ = 10.5; m.-pt. = 954°; at an elevated temperature 
it volatilizes in the form of a blue vapor (Stas). Molten silver 
absorbs oxygen, but allows it to escape on becoming solid (§ 9). 

Chemical Properties, Silver is one of the precious metals; 
this term is applied chemically to those metals which do not combine 
with oxygen directly (under ordinary pressure) either at ordinary or 
higher temperatures. If, however, the pressure is raised, silver 
combines with oxygen directly at an elevated temperature: 

2Ag + OnAg.O. 
Nitric acid attacks it readily at ordinary temperatures, sulphuric 
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acid only at higher temperatures; hydrochloric acid has very little 
effect on it* 

Uses; alloys. Pare silver is seldom made use of practically, 
but its alloys are employed in the manufacture of silverware and 
coins. For these purposes an alloy with copper is used. Silver 
plate and jewelry usually contain 75 or more per cent of silver; the 
silver coins of the United States and continental countries consist 
of ^0% silver and 10^ copper; the English shillings ("sterling" 
silver) contain 92.5^ silver. The admixture of copper makes the 
metal harder. 

Considerable silver is consumed in silvering objects of copper or 
other metals (silver-plating). At present this is usually done 
by electrolysis (§ 242). The object to be plated is made the cathode 
and a silver plate the anode; the solution consists of silver cyanide 
dissolved in an excess of potassium cyanide. 

Gompcands of Silver. 

246. The known oxides are: Ag^O, silver suboxide (very un- 
stable); AgjO, silver oxide, from which the salts of silver can be 
derived; and AgO, silver peroxide (formed from silver and ozone). 

Silver oxide, Ag^O, is deposited as a dark brown amorphous 
precipitate when the solution of a silver salt is treated with caustic 
soda or baryta water free from carbonic acid. It is somewhat 
soluble in water (1 part in about 15,000 parts of water at room 
temperature); the solution probably contains the silver hydroxide, 
for it reacts alkaline and must therefore contain hydroxyl ions. 
By measuring the conductivity of its saturated aqueous solution it 
is found (see § 65) tliat only one-third of the molecules are ionized; 
AgOlI is thus not so strong a base as the alkalies, but considerably 
stronger than ammonia. Moist silver oxide (AgOH) absorbs 
carbon dioxide from the air and the silver salts reiict neutral, while 
the salts of most of the other heavy metals give an acid reaction 
because of a slight hydrolytic dissociation in aqueous solution. By 
heating to 250° silver oxide is broken up into its elements. It is 
reduced by hydrogen at as low a temperature as lOO''. Ammonia 
water dissolves it readily, because a complex ion is formed. 

Silver chloride, AgCl, is obtained by precipitating a silver 
solution with hydrochloric acid or a soluble chloride like sodium 
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chloride ; it forms a characteristic " curdy " precipitate. It is 
almost insoluble in water, 1 part in 715,800 H,0 at 13. 8**. 

When a silver solution is added very carefully to a sodium chloride 
solution (or to another chloride), a point can be found when the liquid 
gives a cloudiness (due to AgCl) with either solution: This must be 
attributed to the fact that the liquid is saturated with silver chloride and 
contains no other silver salt nor any other chloride. In view of the very 
strong dilution of such a silver chloride solution (see above) it may be 
assumed that the dissolved part is completely ionized. If silver or chlorine 
ions are now introduced into the liquid, the ionization of the silver chlo- 
ride is diminished and AgOl molecules are formed, which cannot remain 
in solution, since the solution is already saturated with them. 

Silver chloride dissolves readily in ammonia, potassium cyanide 
and sodium thiosulphate, forming complex ions. 

If a solution of silver chloride and ammonia is allowed to 
evaporate in the dark at room temperature, silver chloride crystal- 
lizes out in pretty, well-developed octahedrons. 

Silver bromide, AgBr, is less soluble than the chloride and has 
a yellowish color. It dissolves with difficulty in ammonia but 
easily in thiosulphate. Silver iodide, Agl, is even less soluble than 
silver bromide at ordinary temperatures. It is insoluble in ammo- 
nia. It is yellow. At high temperatures these halides melt and 
on cooling form a horny mass, which can be cut with the knife 
(horn-silver, cf. § 245). Silver fluoride, AgF, is much more 
soluble in water than the three preceding halogen compounds. 

Potassium silver cyanide, KAg(L'y,, obtained on adding 
potassium cyanide to a silver solution, dissolves readily in water 
and is used in large quantities in electro-plating. When a current 
passes through it, potassium is deposited (primarily) at the cathode, 
while the anion AgCy, wanders to the anode; however potassium 
precipitates silver from potassium silver cyanide: 

K + KAgCy3 = 2KCy + Ag. 

Thus silver is deposited on the cathode while the anion AgCy, 
takes up an atom of silver at the silver anode to form silver cyanide 
and again unites with potassium cyanide to form the double salt; 
if the anode is of platinum, cyanogen gas is set free from the 
anion, AgC y, , and the anode becomes covered with silver cyanide, 
which soon interrupts the current. 
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All the silyer salts, particularly the chloride, bromide and 
iodide, are sensitive to light, i.e. they are decomposed by light, 
especially by the violet and ulti-a-violet rays of the spectrum; as a 
result the halogen passes off and the color of the salt becomes first 
violet and then black. A blackened preparation of this sort can be 
re-whitened by chlorine- or bromine-water. The sensitiveness to 
light depends in large measure on the manner in which the silver 
lialide is precipitated. 

24V. Photography, The property of silver chloride and silver 
bromide just mentioned forms the basis of photography. The 
process is essentially as follows: A glass plate is coated with a 
*' sensitive film/' i.e. a thin layer of silver chloride or bromide is 
spread over it. Formerly this was usually prepared by the pho- 
tographers themselves from collodion (see Organic Chem. § 231) 
which contained a halogen salt, e.g. Cdl, , in solution. After 
the evaporation of llie solvent a halide coating remained and 
by dipping the plates so prepared into a solution of silver nitrate, 
the silver halide was formed on them. These were the **wet 
plates"; now they are almost entirely superseded by the **dry 
plates.'' 

The latter are prepared commercially on a large scale. They 
consist of a film of silver bromide in gelatine (less frequently in 
collodion) on a glass plate. 

A sensitive plate of this sort is placed in the photographic 
apparatus, which is essentially a camera obscura, and the plate is 
there ''exposed" to a light-image, which chemically affects the 
silver halide. It is very probable, that by the action of the light a 
£ubhalide is formed; the liberated bromine enters into combination 
with the gelatine or the collodion and is therefore unable to trans- 
form the subhalide into halide. As yet no picture can be seen on 
the plate; it must first be "developed." For the latter purpose 
the plate is immersed in a liquid containing a reducing substance. 
A typical developer is a solution of ferrous oxalate in an excess 
of potassium oxalate ; various other organic compounds (amido- 
phenols, etc.) are at present frequently used. At those places on 
the plate where the light has struck, more or less silver (according 
to the intensity of the action of the light) is set free in the metallic 
form as a very thin coating, while the remaining silver halide is not 
affected by the developer. This halide must next be removed, else 
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it would be decomposed by the light and more silver liberated; 
therefore it is immersed in a solution of sodium thiosulphate 
(*'hypo "). This operation is called '* fixing" the image. Up to 
this time the plate mast be kept from the light. 

After the fixing we have a so-called negative, i.e. there 
remains on the glass plate a picture which is black in those places 
which were illuminated in the object and clear on those places which 
were dark. From this a positive impression is prepared by 
laying the negative on a paper coated with a sensitive film and 
exposing the whole to direct sunlight. Those places on the nega- 
tive where silver was deposited let no light or very little through 
(according to their thickness), so that a positive image is now pro- 
duced. Finally the positive image is also fixed, for which purpose 
a bath containing thiosulphate and a little gold chloride is used. 
The latter improves the color-tone of the photograph. 

Silver sulphate, AgjSO^ , is obtained by dissolving silver in hot 
concentrated sulphuric acid. It is scarcely soluble in cold water. 

Silver nitrate, AgNO,, prepared by dissolving silver in nitric 
acid, crystallizes isomorphous with saltpetre in beautiful rhombic 
crystals. It is very soluble in water (1 part in 0.5 parts at room- 
temperature) and melts at 218°. In medicine it is frequently 
employed, especially as a caustic; it goes under the name of 
'* lunar caustic." Indelible inks are also prepared from it. 

Silver nitrite, AgNOj , is formed as a yellowish precipitate on 
mixing an aqueous alkali nitrite solution and silver nitrate; it dis- 
solves in boiling water and crystallizes on cooling in beautiful 
needles. 

GOLD. 

248. This metal generally occurs native, being found in beds 
of quartz and alluvial deposits resulting from the decay of quartz 
rocks. Traces of gold have been detected in sea water. It occurs 
in Hungary, Siebenbuergen, the Ural and particularly in Australia, 
Transvaal and the western part of the United States and Canada. 
Recently large quantities have been discovered in Alaska (Klondike 
region). In Colorado considerable gold is obtained from tellurides 
{sylvanite^ etc.). 

The gold production of the world has more than doubled in the last 
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decade, amounting in 1900 to $257,000,000, or about 387,000 kg. The 
principal gold- producing countries are : 

United States 117,600 kg. 

Australia 110,600 

Canada 42,000 

Russia 84,000 

But for political disturbances the Transvaal would take first rank. The 
cbief causes of the rapid growth of the world^s production have been the 
application of new processes in treating refractory ores and the develop- 
ment of new fields. 

An ounce of gold is worth $20.67; a kilogram $664.60. 

Inasmuch as the amount of gold contained in a cubic meter of 
ore or rock in the most profitable instances is only very small^ it 
becomes the task of metallurgy to extract it from proportionately 
large quantities of rock. 

In the Transvaal this is accomplished as follows: The gold occurs 
there in so-called reefs^ which are vertical veins in the quartz. These 
reefs are seldom more that one meter thick but extend for miles east and 
west ; their depth is unknown. They are mined by blasting with dyna- 
mite ; the large pieces are reduced to about the size of an egg in a heavy 
iron apparatus and then sent to the stamps, that move in a large trough 
through which plenty of water is kept running. The water carries off 
the fine auriferous slime, which is made to flow over amalgamated copper 
plates, that are somewhat inclined. The gold is retained by the mercury. 
After some time the plates are scraped off and the mercury removed by 
distillation, leaving the gold. 

The extracted slime (" tailings ") is treated again for gold, for which 
purpose the cyanide process of Siemens is employed. 

By this process the tailings are allowed to stand for from one day to 
three weeks in contact with a 0.1 to 0.01^ potassium cyanide solution. 
Under the influence of the oxygen of the air the gold dissolves in it^ 
forming a double cyanide, KAuCy» : 

2Au + 4KCy + 2H,0 + O, == 2KAuCy, + 2K0H + H,Oa. 

Hydrogen peroxide is also formed and serves to bring further amounts 
of gold into solution : 

2Au + 4KCy + H.O, = 2KAuCy. + 2K0H. 

From this solution the gold is obtained by electrolysis between steel 
anodes and lead cathodes. At the anode Prussian blue (§ 308) is formed^ 
which is treated for potassium cyanide ; the gold is deposited at the 
cathode (§ 246). This gold is separated from the lead it contains by 
cupellation. 
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The following table shows the net results of the method described : 
1000 kg. ore, containing 18 g. gold. 
Yield. Previous separation. Loss. 



0.936 g. 







, — — — V 
750 kg. ore 250 kg. ore 




with 17.046 g gold. with 0.936 g. 




Amalgamation process. 


9.885 


9.385 g. 


750 kg. ore 




or55J« 


with 7.679 g. gold. 
Cyanide process. 


6.149 




6.149 g. 1.530 g. 


15,534 




recovered lost 


or 86.3JI 







1.530 g. 
2.466 
or 13.73C 

[Particularly in the United States two processes (chlorination and 
cyanide) are coming into general use for extracting gold from its ores with- 
out amalgamation. Both processes are especially applicable to low-grade 
and sulphurous ores, e.g. the tellurides of Colorado. In the chlorination 
process the ore is crushed and roasted and treated in revolving barrels with 
a mixture of bleaching-powder and sulphuric acid, after which the gold is 
precipitated with hydrogen sulphide and roasted. The cyanide process is 
much similar to that described above for treating the tailings, but zinc 
often serves as the precipitant instead of electrolysis. 

Placer and hydraulic mining find application in newly discovered 
deposits but are much less common than vein mining. For the present 
status of gold metallurgy the student should consult a mining annual. — Tr.] 

249. Physical Properties. — When pure, gold is reddish yellow, 
Tery soft (about like lead) and extremely malleable and ductile. 
The thinnest gold-leaf appears green in transmitted light. Sp. 
g. = 19.265 at 13°. It is a very good conductor of heat and 
electricity. At 1064° it melts to a greenish liquid. 

Chemical Projyerties. — Gold is the typical representative of the 
precious metals; it is not attacked by acids and is dissolved only 
by chlorine water, aqua regia and potassium cyanide solution (see 
above). Its compounds are all very unstable; on warming they 
decompose, leaving the metal. 

Uses, — About one-half the world's production of gold is used 
for industrial purposes. For these purposes the pure metal is too 
soft, however, and must be alloyed with copper or silver. The 
proportion of gold in the alloy is ordinarily expressed in carats; 
the pure metal is 24 carats; gold jewelry, etc., usually 14-18 
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carats, i.e. 24 parts of the alloy contain 14-18 parts of gold. The 
gold coins of the United States contain 1 part copper to 9 parts 
gold, those of England 1 part copper to 11 parts gold. 

For purposes of gold-plating the same electrolytic processes are 
-employed as for silver-plating. 

Testing of Gold and Silver. 

The oldest method of testing is hy means of the touchstone^ or ** Lydian 
stone,'* a black basalt. • This stone must be dull black, unaffected by aqua 
regia and somewhat rough. The sample is rubbed on the surface of 
the stone so as to leave a bright streak of particles of the metal. This 
streak is then compared with that of a series of touchneedles of known 
•composition. 

Silver streaks are compared merely as to color. A skilled observer can 
usually estimate the proportion of silver to within 2.0-1.5%. 

In the case of gold objects it must be known whether the metal con- 
tains copper, silver or both. Therefore the color of the streak is com- 
pared with that of touchneedles of the presumably corresponding alloy. 
The streaks are then moistened with a little acid consisting of 1 part HCl, 
80 HNOa and 100 H.O. Alloys with 75JS or more gold are not attacked 
by this mixture at ordinary temperatures. If the percentage is less, it is 
possible to detect differences of \%, This method is decidedly crude and 
is usually employed only in confirming a supposed percentage. Where 
the metal is rich it is very deceptive ; but gold of a quality such as is gen- 
erally used for ornaments, etc. (ca. ^VS^ fine) can be safely tested in this 
way. 

A far more reliable test of the quality of gold is by cupellation. Part 
of the sample is fused with lead in a small muffle furnace in a small thick- 
walled, porous crucible (cupel) consistmg of bone ash. At the high tem- 
perature of the furnace the lead and any copper present are oxidized and 
their oxides melt and are absorbed by the bone ash. As soon as they are 
completely taken up, the brilliant surface of the metal suddenly appears 
with splendid effect {brightening of gold). The residual drop of metal is 
an alloy of only gold and some silver. The latter is gotten rid of with 
boiling nitric acid, after the alloy left on the cupel has solidified and been 
hammered flat. 

The proportion of silver in silverware is now determined exclusively in 
the wet way, by titration. 

250. Gold forms two series of compounds analogous to the 
oxides Au,0, auroua oxide, and Au,0,, aunc oxide. 
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Aurous Compounds. 

Anrous oxide, Au,0, is obtained by treating the auroas chloride^ 
with dilute potassium hydroxide. It is a dark violet powder^ 
which breaks up into its constituents at 250°. 

Aurous chloride, AuCl, is produced by heating auric chloride 
to 185°. It is white and insoluble in water. When heated it 
splits up into its elements. On being warmed with water it yields 
2Au and AuCl,. 

Aureus iodide is formed (like cuprous iodidle) on. treating a 
solufcion of the chloride with potassium iodide. 

The gold double cyanide, KCy • AuCy, is prepared by dissolving- 
auric oxide in potassium cyanide; it is used in gold-plating. 

Of the oxy-salts of aureus oxide only a few double salts are 
known. 

Auric Gompoonds. 

Auric chloride, AuGl,, can be obtained by dissolving gold in 
aqua regia or by the action of chlorine on the metal. It forms a 
dark red crystalline mass, which deliquesces rapidly. On the 
evaporation of its solution it partially decomposes into chlorine 
and aureus chloride. By evaporating with hydrochloric acid long 
yellow needles are obtained, consisting of a compound AuCl,-HCl, 
which can be regarded as hydrochlor-auric acid. Many salts of i 

this acid are known to exist, e.g. KCl-AuCl, + ^iH^O and i 

NH^Cl-AuCl, + H,0, as well as many salts of organic bases. i 

These double salts give the ordinary tests, hence this acid either I 

forms no complex ion AuCl^' or is very unstable. Auric chloride 
is also soluble in alcohol and in ether. 

Auric oxide, Au,0,, can be prepared by precipitating auric 
chloride with magnesia. The latter can be removed from the 
precipitate with concentrated nitric acid, the auric oxide re- 
maining as a brown powder, which breaks up into its elements 
at 250°. 

If the precipitate produced by magnesia is treated with dilute 
nitric acid, a reddish-yellow powder of the formula AuOjH, is 
obtained, which displays acid instead of basic properties. Salts 
of this auric acid are known, which are derived from the com- 
pound Au(0H)5 — H,0 = AuO-OH. Potassium aurate, for ex- 
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ample, has the formula KAuO, + 3H,0 and crystallizes in yellow 
needles. Many other salts are also known ; the above-mentioned 
precipitate with magnesia can be looked upon as the magnesium 
salt of auric acid, Mg(AuO,),. 

Auric sulphide, Au^S, , is precipitated from gold solutions by 
hydrogen sulphide. It is very dark brown and soluble in am- 
monium sulphide. 

Gold is precipitated from its solutions in the metallic form by 
Tarious reducing agents. Ferrous sulphate (§ 248) and oxalic 
acid serve very well for this purpose. Hydrogen peroxide precipi- 
tates gold quickly in alkaline solution. Aqueous solutions of 
'metallic gold were obtained by Bredig by comminuting gold wire 
Tinder water by means of an electric arc. Colloidal solutions and 
a number of stages from such ** pseudo-solutions^' (which* do not 
reveal any separate particles even when highly magnified) to real 
suspensions (see § 195) have also been prepared with other metals, 
notably silver, mercury and platinum, not only with the aid of 
reducing agents but also by comminution. They display various 
colorations according to the manner of preparation. 

On adding stannous chloride to a gold solution under certain 
conditions a purple precipitate appears, which bears the name 
of piirple of Cassins. It probably consists of a mixture of 
extremely finely divided gold and the hydrogele of stannic acid. 

261. For many centuries the alchemists endeavored to produce gold 
from the baser metals. It is needless to say that their efforts were never 
rewarded. The chances of this hope being realized must at present be 
regarded as very slight, since gold is an element. Inasmuch, however, as 
our conception of an element is relative (§ 8), i.e. it depends on the extent 
of our mastery over natural forces, the impossibility of decomposing gold 
or synthesizing it from other elements is by no means absolutely estab- 
lished. 

Although we now ascribe to every metal fixed, unalterable properties, 
it might well have seemed possible to the alchemists, with their more 
limited knowledge, that the properties of the metals could vary. None of 
the metals except gold occur pure in nature ; they have to be extracted 
from oxides or sulphides, which frequently contain various impurities. 
The metals thus obtained had no definite properties ; distinction was 
was made between various sorts of lead, copper, etc. The mutability of 
the metals may be said to have been the first principle which observation 
taught ; indeed, when a piece of metal is fused with small amounts of 
various other substances, its properties (color, etc.) really do change. 
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Moreover, at the time of the alchemists the present concept '^ element '^ 
was not yet established; this was first introduced b}' Boyle (1627-1691). 
Before then, the doctrine of Aristotle was very generally accepted^ 
according to which all substances are made up of air, fire, earth and 
water. In order to produce gold it therefore seemed only necessary to 
deprive the baser metals of certain properties and substitute others. A&^ 
to the metals themselves the idea was prevalent in alchemistic circles that 
mercury was the primordial substance and that it had undergone various 
changes. Before gold could be made from it it must be made refractory 
and of a yellow color. Not a few alchemists were convinced, moreover, 
that the success of the ** great work *^ depended on the codperation of a 
higher power. 

Summary of the Group. 

262. The metals copper, silver and gold form a bridge from 
the difficultly fusible metals Ni, Pd, Pt (Group VIII) to the 
easily fusible, Zn, Cd, Hg (Group II); their melting-points are 
between those of the two groups. The following brief table sum- 
marizes the physical constants of these metals as well as those of 
the related elements, lithium and sodium: 



Atomic weight. 
Specific gravity 
Melting-point. . 
Color 



u 


Na 


Cu 


AK 


7.03 


23 05 


63.6 


107.93 


0.59 


0.97 


8.94 


10.5 


180 


97.6 


1050 


954 


white 


white 


red 


white 



Au 



197.2 
19.83 
1200 
red 



The analogy in the chemical properties is chiefly apparent in 
the -ons compounds. These have the type R^O for the oxygen 
compounds and RX for the halides. The -ous halides of Cu, Ag 
and Au are all white and insoluble in water; they are isomorphou& 
with sodium chloride. 

Farther, there are certain analogies in solubility. Lithium 
carbonate and hydroxide are less soluble than the corresponding 
sodium compounds; copper carbonate and hydroxide are insoluble, 
while the corresponding silver compounds dissolve to some extent 
in water. The sulphate of sodium (third horizontal series) 
crystallizes preferably with 1011,0, that of copper (fifth series), 
with 5H,0, while silver sulphate (seventh series) is anhydrous. 

The oxygen compounds exhibit a gradual decrease in stability.. 
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Li,0 and lfa,0 are unaffected by high temperatures, but CuO is 
transformed into Cu,0, and the oxides of silver and gold break up 
even at comparatively low temperatures into their elements. 

However, it must be admitted that the analogy between these 
elements is not so great as in other groups. Their difference in 
valence is especially striking and, moreover, there is little simi- 
larity in the properties of the higher stages of oxidation. This is 
one of the weak parts of the periodic system. 

BERTLLIXIM AND MAGNESIUM. 
I. Beryllium (Glucinum). 

268. This is one of the rarer elements. It occurs in the mineral heryl^ 
AlaO»-3SiOa + 8(BeO'SiOa); that variety of beryl which is colored green 
by traces of a chromium compound is the gem called emerald or smaragd, 
Chryaoberyl has the composition BeO- AUO*. 

Almost all the beryllium compounds are made from beryl. This is 
disintegrated by fusing with potassium carbonate. The fused mass, after 
cooling, is treated with sulphuric acid to precipitate the silica. Most of the 
aluminium is then removed by crystallization in the form of alum, as this 
is sparingly soluble in cold water, while beryllium sulphate remains in the 
mother liquor. The latter is then mixed with a hot solution of ammo- 
nium carbonate to precipitate aluminium and iron, beryllium still remain- 
ing in solution. After acidifying with hydrochloric acid, the beryllium is 
precipitated as hydroxide by ammonia. 

The metal was obtained by heating BeFa • 2KF with sodium. It is a 
malleable solid with the specific gravity 1.64. It does not decompose 
water, even at 100°. At ordinary temperatures it is permanent in the air. 
Hydrochloric and sulphuric acids dissolve it readily with the evolution of 
hydrogen ; dilute nitric acid does not attack it so readily. Beryllium is 
also dissolved easily by caustic potash and soda with the evolution of 
hydrogen and the formation of salts having the formula Be(OR)a. The 
hydroxide thus behaves as a weak acid towards strong bases. These prop- 
erties correspond to those of aluminium ; in § 215 attention was already 
called to the analogy between these two elements. This analogy also 
characterizes their compounds, e.g., beryllium carbide yields pure methane 
with water, just like aluminium carbide (§ 178). 

Only one oxide of beryllium is known, BeO (§215). It is a white 
powder, which after ignition is difficultly soluble in acids (like AUOi). It 
is obtained by heating the hydroxide, Be(0H)9, which is precipitated from 
solutions of the salts as a white gelatinous mass. The hydroxide (like 
Al(OH)i) dissolves readily in alkalies. It is however distinguished from 
aluminium hydrate in two respects : it dissolves in ammonium carbonate 
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(see above) and is precipitated from the solution in caustio soda or potash 
by prolonged boiling. 

Baryllinm sulphate, 61*804 , crystallizes with four or seven molecules of 
water, in the latter c«ise being isomorphous with MgS04*7 aq. The double 
Silt BeSOi-KaSOi-SHaO is (like alum) sparingly soluble in cold water. 
Beryllinm chloride, BeCU, must be prepared from the oxide by heating 
with charcoal in a current of chlorine. Its vapor density corresponds to 
the formula BeCla. It crystallizes with 4H9O. Bsrylliom carbonate is sol- 
uble in water. It loses COa very easily. 

The beryllium salts taste sweet, hence the name glucinum (orgly- 
cinium), which is common in France and America. 

II. Magnesium. 

254. This element occurs as carbonate, silicate and chlo- 
ride in considerable quantities. Magnesite is MgCO,, dolomite 
MgCa(C03)2. Among the silicates containing magnesium we have 
asbestus, talc Mg,Si^O,, , serpentine H,Mg,Si,Og + aq, soapstone, 
meershaum Mg,Si,0,-2 aq; it is found in smaller amounts in many 
other silicates, e.g. hornblende^ augite and tourmaline. Other 
salts found in nature are camallite, MgCl,-KCl-6 aq, kieserite 
Mg80,.H,0 and kaiiiite K,S0,.MgS0,.MgCl,.6 aq {Stassfurt 
Abraum salts). Upon the weathering of the silicates the mag- 
nesium goes into the soil, whence it is absorbed by the plants (to 
which this element is invaluable) and finally taken into the animal 
body. 

The metal is manufactured on a large scale, since it is 
employed for illumination in photography, pyrotechnics, etc., on 
account of its intense light {flash-light). At present it is prepared 
mainly by the electrolysis of fused magnesium chloride or camallite 
in a cast-steel crucible, which serves as cathode; gas carbon is used 
for the anode. It is also obtained by heating MgCl,-NaCl with 
sodium. It is silvery white and has a high lustre. Sp. g. = 1.75. 
It is malleable and ductile and comes on the market in the form 
of wire or ribbon as well as jjowder, but the ribbon frequently 
contains zinc. It melts at 800° and distills at red-heat. It is 
quite permanent in the air, since it soon becomes coated with a 
thin cohesive film of the oxide; at an elevated temperature it 
burns to magnesia, MgO. When it is heated red hot in a limited 
supply of air, a large part is converted in nitride Mg,N,, a 
yellowish green substance. Boiling water decomposes it slowly 
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-with the evolution of hydrogen. It dissolves readily in acids but 
is nnafifected by alkalies. It is a powerful reducing agent, reduc- 
ing silica (§ 190), for example; moreover, when ignited, it con- 
tinues to bum in water vapor. 

Magnetium oxide, MgO, magnesia^ is the only oxide of mag- 
nesium known. It results from the combustion of the metal or 
from heating the hydroxide or^ carbonate. It is a white, very light 
powder, which is employed in medicine under the name magnesia 
usta. With water it forms the hydrate Mg(OH),. 

Magnesium hydroxide, Mg(OU),, is precipitated from solutions 
of magnesium salts by alkalies. It is slightly soluble in water and 
turns red litmus blue; however in an excess of alkali its ionization 
is so diminished that it becomes practically insoluble. It is only 
a weak base, but is strong enough to absorb carbon dioxide from 
the air. It dissolves readily in an aqueous solution containing 
ammonium salts. According to Ostwald, this is to be explained 
as follows : The solution of an ammonium salt contains a large 
quantity of NH^-ions. When a substance is introduced into the 
solution, which gives off Oll-ions, as does magnesium hydroxide, 
these Nll^-ions unite with OH-ions to form NH^OH, or rather 
NH, + H,0. As a result of this reaction Oll-ions disappear. In 
order to restore the equilibrium between the undissolved mag- 
nesium hydroxide and the solution, more of this hydroxide must 
go in solution, but again the fresjily formed OH-ions are taken up 
by the NH^-ions. If sufficient of the latter are present, this 
process will go on till all the magnesium hydroxide has entered 
into solution. It now becomes clear, why on the other hand, the 
solution of a magnesium salt is not precipitated by ammonia in 
the presence of a sufficient quantity of ammonium salt. 

KAONESIUK SALTS. 

266. Magnesium chloride, MgCl,, crystallizes with six mole- 
cules of water and is very hygroscopic. The deliquescence of 
common salt is due to the magnesium salt it usually contains. 
For the r61e of this salt in the Solvay process cf. § 226, 2. On 

evaporating the aqueous solution Mg^,, and HCl are formed; 

sea-water cannot be used in boilers because of the magnesium salt 
it contains, for the hydrochloric acid set free attacks the iron too 
Wrongly. Many double salts of magnesium chloride are known. 
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It can be obtained anhydrous by heating MgCl, • NH^Cl • 6 aq, 
when it forms a laminar-crystalline mass, which melts at 708° and 
distills without decomposition at bright red heat. 

Magnesium sulphate, MgS0^.7H,0, Epsom salt, finds use in 
medicine. It is very soluble in water. It loses 6 mols. H,0 at 
150°, and the seventh above 200°. In this respect it behaves like 
other sulphates, e.g. 2nSO^-7aq, FeS0^-7aq, as well as those 
of nickel and cobalt, which are moreover isomorphous with it. 
A further analogy between these sulphates appears in the fact 
that with sulphate of potassium or ammonium they form double 
salts of the same type, K^SO^ • MgSO^ • 6 aq, which are also iso- 
morphous. 

Magnesium ammonium phosphate, MgNII^PO^'6 aq, serves for 
the precipitation of magnesium as well as that of phosphoric acid. 
It is not wholly insoluble in water, but does not dissolve in 
ammonia, the reason for which conduct is again to be sought in 
the reduction of the ionization. Completely analogous to this 
compound is the corresponding arsenate, MgNH^AsO^ -611,0. 

Magnesium carbonate. — From solutions of magnesium salts 
soda precipitates a basic carbonate, Mg(0H)j-4MgC0,-4 aq. 
The carbon dioxide liberated holds part of the magnesium in .solu- 
tion as acid carbonate. Thi.« precipitate is known as inagne.^ii 
alba. The neutral carboimto can be prepared from it by su5- 
pending magnesia alba in water, passing in carbon dioxide and 
allowing to stand; in time MgCO,- 311,0 crystallizes out, which is, 
however, readily split \\\} hydrolytically by water, forming again 
basic carbonate. 

CALCIUM, STRONTIUM AND BARIUM. 
I. Calcium. 
256. This element is one of the ten principal constituents of 
the earth's crust (§ 8). Particularly the carbonate is found 
in large quantities in nature, limestone^ calciie^ aragonite^ marble 
and chalk, all being forms of it. An earthy deposit containing a 
certain amount of calcium carbonate is termed marl. Calcium 
silicates and especially calcium double salts constitute the major 
portion of the siliceous rocks. There are also extensive beds of 
calcium phosphate, phosphorite, apatite, etc., particularly in Spain 
and Floritla. Calcium occurs as sulphate in the form of gypsum 
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and alabaster. Moreover^ in the animal kingdom large quantities 
of this element are found. The skeletons of vertebrates are chiefly 
phosphate and carbonate of calcium; the shells of mcllusks con- 
sist of calcium carbonate, as do also Q^g shells. As for the plants, 
lime is one of their invaluable inorganic constituents. 

Metallic calcium can be obtained either by electrolysis 
of fused anhydrous calcium iodide or by decomposition of the same 
salt with sodium at red-heat. If an excess (three times the 
theoretical amount) of sodium is taken in the latter operation, the 
calcium dissolves in the molten sodium and crystallizes out on 
cooling. The sodium can be removed with absolute alcohol, which 
acts on calcium only slightly at ordinary temperatures. Calcium 
is a silvery-white metal, which melts at 760° ; it is soft enough to 
cut and is malleable, but less so than potassium and sodium ; it 
has a crystalline fracture. Sp. g. = 1.78-1.87. It is relatively 
little affected by oxygen, chlorine, bromine and iodine, all of 
which react with the metal only at a higher temperature than the 
ordinary one. In a current of air calcium unites with both oxygen 
and nitrogen (§ 110). 

OXIDES AND HTDB0XIDE8 07 CALCIUX. 

267. Calcium oxide, CaO, (quick-lime, unslaked lime) is pre- 
pared commercially by "burning'' limestone or moUusk shells. 
The limestone is mixed with coal and the latter is set on fire; the 
heat of the burning coal dissociates the carbonate of lime into 
calcium oxide and carbon dioxide. The kilns are usually con- 
structed in such a way that the burned lime can be drawn out at 
the bottom while the mixture of fuel and limestone is fed in at the 
top, so that the process is continuous. In the United States 
** long-flame '' periodic kilns are generally used because they 
are simpler and fuel is inexpensive. 

Calcium oxide is a white amorphous powder, which requires 
the temperature of the electric furnace for fusion (§ 176). On 
being heated strongly with an oxy-hydrogen flame it emits an 
intense white light (§ 13). It absorbs water and carbon dioxide 
from the air; as a result the chunks of lime, which are hard and 
solid when they come from the kiln, gradually crumble to fine 
powder. 

Caloium hydroxide, Ca(OH),, (slaked lime) is obtained by 
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''slaking^' quicklime with water. Its formation is attended by 
the evolution of much heat. It is only sparingly soluble in water 
(forming lime-water), but more soluble in cold water than in warm. 
The solubility is, however, sufficient to make the precipitation of 
this hydroxide by ammonium hydroxide impossible, for the con- 
centration of the hydroxyl ions of the latter is too small together 
with that of the calcium ions present to reach the value of the 
solubility product of calcium hydroxide. At red-heat it is recon- 
verted into the oxide. 

Mortar, — Calcium hydroxide is used in masonry. For this 
purpose it is mixed with water and sand so that it forms a thick 
paste, called mortar, which is thrown in between the stones. 
After some time the mass becomes as hard as stone; this is due to 
the conversion of the hydroxide into the carbonate by the carbon 
dioxide of the air. The sand makes the mass porous so that the 
process of hardening extends inward; the older the wall, the 
harder the mortar. The formation of calcium silicate appears to 
play only a minor r61e in this process. 

If the lime contains more or less magnesia, it is difficult to 
slack; it is therefore less adapted to masonry purposes and is 
called **poor," or "lean,'' in contrast with the pure, easily slaked 
** fat "lime. 

Cement contains, besides lime (50-60^), principally silica 
(ca. 24^) and alumina (ca. 8,^). It is made by burning a mixture 
of limestone, clay and sand. In some places, e.g. Brohlthal in 
the Rhine region, such a mixture occurs as "tuffstone," which 
yields cement directly on burning. Cement after being mixed 
with water sets very firmly in a short time; this is due, in all 
probability, to the fact that on treating it with water calcium 
aluminate is dissolved and the solution deposits a hydrous alumi- 
nate after some time, which is much less soluble and causes the 
setting of the cement. At the same time insoluble calcium 
aluminium silicates are formed. 

Calcium peroxide, CaO, + SH^O, is deposited when lime-water 
is treated with hydrogen peroxide solution. It gives up oxygen 
on heating. 

SALTS OF CALCIUK. 

258. Calcium chloride, CaCl,, is obtained by dissolving the 
hydroxide or carbonate in hydrochloric acid. It can crystallize 
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with various amounts of water. The hydrate CaCl, '611,0 forms 
large crystals. Calcium chloride is very hygroscopic and is there- 
fore frequently used to dry gases or to absorb water dissolved in 
organic liquids (ether, carbon bisulphide, etc.). It melts at 719°. 
It unites with ammonia to form CaGl,*8KH,; hence it cannot be 
used to dry this gas. 

When crystallized calcium chloride is mixed with ice the temperature 
falls very considerably, even reaching — 48.5\ Such a mixture is called a 
cooling or freezing mixture and is often employed for producing low tem- 
peratures. Besides calcium chloride and ice, many other such mixtures 
are known ; the one most frequently used is that of common salt and ice, 
which can give a temperature of —21". Ice is not absolutely necessary ; 
for instance, if solid ammonium nitrate is added to its own weight of 
water, a temperature of —15.5" can be produced. 

In order to understand why such mixtures become so cold, we must 
recall § 237. Suppose that ice is introduced into a saturated salt solution 
of 0**, solid salt being presejit at the bottom so that the liquid remains sat- 
urated. The system solution + ice is not in a state of equilibrium at 0"*, 
for the salt solution has a freezing-point much lower than 0". It cannot 
therefore continue in this state ; but if it is to be in equilibrium with ice 
as solid phase, the temperature must sink, and this is only possible as the 
ice melts, by which process heat is changed into a latent condition. If 
enough ice is present, it can, by melting, continue to withdraw free heat 
from the system till the cryohydric point is reached ; for only from that 
point can ice and salt exist permanently side by side. It follows therefore 
that the cryohydric is the lowest temperature that can be reached by the 
mixture. In § 237 it was also shown that there is no essential difference 
between the two components of a solution; this is also made plain by con- 
sidering cooling mixtures containing no ice. For instance, when ammo- 
nium nitrate is added to water, the solution has a freezing-point much 
lower than 0"*. Here it is the great absorption of heat in dissolving the 
salt, thai causes the fall of temperature necessary to establish the equi- 
librium. If this fall is to be considerable, the solubility of the salt must 
of course be great. In this case also the cryohydric point is the lowest 
temperature that can be reached by the mixture. 

Chloride of lime is a name given to a product obtained by 
saturating slaked lime with chlorine at ordinary temperatures. 
Just what compound is formed here is not yet definitely known 
although the matter has been frequently investigated. There is, 

OCl 
however, much evidence in favor of the formula Ca< p, , accord- 
ing to which it is a mixed salt of hydrochloric and hypochlorous 
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acids. At any rate this is more probable than the supposition 
that chloride of lime is a mixture of calcium hypochlorite and 
calcium chloride (§ 56), for it is not possible to extract any 
chloride of calcium from it with alcohol, although this salt is very 
soluble in alcohol, and almost all the chlorine is expelled by a 
current of carbon dioxide. 

Chloride of lime is employed in large quantities for bleaching 
and disinfecting {bleaching-powder). It is an incoherent white 
powder with the odor of chlorine (on account of decomposition 
by the carbon dioxide of the air). When treated with hydro- 
chloric or other acids it yields chlorine : 

^^cP + ^^^^^ "" ^*^^> + ^»^ + ^^»' 
Ca^J^^ + H,SO, = CaSO, + H,0 + CI,. 

A solution of chloride of lime, when mixed with a cobalt salt and 
warmed, evolves oxygen. This reaction can be regarded as primarily an 
oxidation of CoO to Co,Os , the latter then yielding oxygen with chloride of 
lime and forming CoO anew. The cobaltous oxide would thus be a cat- 
alyzer. 

Calciuin fluoride, CaF,, occurs in nature as fluor spar or 
flvorite, forming cubes, which are often fluorescent. It is insolu- 
ble in water. It fuses at red-heat and is frequently employed as 
a flux in metallurgical processes. It can be obtained artificially 
by treating a solution of calcium chloride with sodium fluoride, 
NaF. 

Calcium sulphate, CaS0^-2lIj,0, occurs in nature as gypsum 
(§ 256). It is only slightly soluble in water. At 110° it loses 
water of crystallization ; the resulting powder takes up water again 
at ordinar}' temperatures. On being stirred up with water into 
the form of paste it soon becomes solid; this is the basis of its use 
(as ''plaster of Paris'*) in making casts. 

In case the gypsum has been heated too high in dehydrating, it unites 
with water very slowly. It is said to be ** dead- burnt** and has in fact 
passed over into another (y5) modification, which, however, changes slowly 
back into the ordinary (a) form. All burned gypsum contains a little of the 
/5-modifioation. On being mixed with water the a-modification takes up 
water first; the gradual absorption of water by the other modification 
causes the plaster to increase in firmness for some time afterward. 

The reason why gypsum * * sets " on taking up water, instead of forming 
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a loose lot of crystals, is attribated by Le Chateueb to the fact that a gyp- 
sum solution which is saturated with respect to anhydrous salt (the latter 
being therefore the solid phase), contains more salt than when the hydrous 
salt is the solid phase. Therefore in a paste of gypsum the anhydrous cal- 
cium sulphate continues to dissolve in the solution which is supersaturated 
in respect to hydrous crystals ; as a result the latter keep on growing and 
are cemented together by the freshly deposited material. 

Calciuin nitrate, Ga(NO,),^ results from the decay of nitrog- 
enous organic substances in the presence of lime. It crystallizes 
with four molecules of w^ater. The anhydrous salt deliquesces in 
the air and dissolves readily in alcohol. It is converted into salt- 
petre by potash or potassium chloride (§ 229). 

Calcium phosphates. — The tertiary salt, Ca,(PO J, , is insoluble 
in water, as is also the secondary salt, Ca,H,(PO^),. The primary 
salt, CaH^(POJ,, however, is readily soluble in water; it is 
•employed in large quantities as an artificial fertilizer, under the 
name of superphosphate. 

The manufacture of superphosphate is effected by thoroughly mixing 
ground phosphorite (or bone meal) in a cast-iron mixer with chamber acid 
according to the proportions of the equation 

Ca,(PO«), + 2H,S0« = CaH4(P0«)a + 2CaS04. 

The mass, which is at first semi-solid, soon becomes solid since the cal- 
cium sulphate that is formed takes up the water contained in the chamber 
acid to form crystals. 

When superphosphate is mixed with soil the primary calcium sulphate 
goes into solution and, since every soil contains lime, it is forthwith recon- 
verted into insoluble secondary or tertiary phosphate. Apparently nothing 
has been gained toward ** making the phosphoric acid soluble." However 
the phosphate is now diffused widely in the soil and is therefore much 
more accessible to the roots of the plants than if the soil had been mixed 
with tertiary phosphate only. 

269. Calcium carbonate, CaCO,, is dimorphous, occurring 
rhombohedral as calcite and rhombic as aragonite. When the 
solution of a calcium salt is treated with soda, calcium carbonate 
is deposited, the precipitation being at first amorphous and ver}' 
voluminous; after a short time, however, it turns to a finely 
crystalline powder. It is very slightly soluble in water, but more 
extensively so in water containing carbonic acid, since the acid 
calcium carbonate is then formed. The latter decomposes when 
the solution is boiled, carbon dioxide escaping and crystalline 
neutral carbonate being deposited. 
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Hardness of Water, — Almost every river- or spring-water holds^ 
more or less lime in solution. The lime is present as sulphate or 
as acid carbonate. Such a water forms but little, if any, lather 
with soap; the fatfcy acids of the soap form white insoluble salts 
with the lime, wherefore water containing much lime is not good 
for washing. Such a water is termed hard in contrast with a 
water that is free or nearly free from lime, which is called soft. 
If the hardness is due to acid carbonate (also called <^ bicarbonate ^' 
of lime), it disappears on protracted boiling, calcium carbonate 
being precipitated. In such a case we speak of temporary 
hardness. In metallic boilers and similar vessels the carbonate 
of lime that is deposited adheres firmly to the sides (** boiler 
scale ''). If the hardness of a water is due to gypsum, which is 
only partially removed by heating (§ 236), it is spoken of as 
permanent hardness. 

When heated, calcium carbonate breaks up into lime and 
carbon dioxide. We have here a case of complete heterogeneous 
equilibrium (§ 71), for the substances are CaO and CO, and the 
phases CaO, CaCO, and CO,. This is confirmed by experiments, 
which show that the concentration of the gaseous phase (the dis- 
sociation tension) at a definite temperature is constant and there- 
fore independent of the amount of each phase. Complete 
decomposition into lime and carbon dioxide can only occur, 
therefore, when the gaseous phase is removed (as in lime-burning, 
§ 257) or when its* tension is kept below the dissociation tension. 
On the other hand, if the tension of the carbon dioxide is greater 
than the dissociation tension, calcium carbonate cannot decom- 
pose. Under these circumstances it is possible to fuse -calcium 
carbonate; on solidification it assumes a crystalline structure and 
becomes marble. 

In the adjoining Fig. 70, let AB repre- 
sent the dissociation curve of calcium car- 
bonate in a coordinate system Pt.^ Only 
along this curve are the three phases in 
equilibrium with each other; under any 
other conditions one of the phases disappears 
and we enter either the region of the phases 
^' • CaO + CO, or that of CaCO, + CO,. 

Caloinm oxalata CaCaO* + 2H2O, is deposited when ammouium oxalate 
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18 Added to the solution of a calcium salt. The precipitate is insoluble in 
acetic acid, but soluble in mineral acids. This is a good illustration of the 
statement in § 146 that those salts which are insoluble in water dissolve 
only in acids that are stronger than the acid of the salt. According to 
their conductivities acetic acid is less ionized and the strong mineral acids 
more ionized, than oxalic acid. The addition of the slightly dissociated 
acetic acid causes only a partial combination of the H-ions and Cs04*ions 
(anions of oxalic acid) so that only very little calcium oxalate has to dis- 
solve before the value of the solubility product is again reached. The ad- 
dition of a strong mineral acid, however, causes the H- and Ca04-ions to 
nnite to such an extent that the solubility product of calcium oxalate can 
no longer be reached and the latter must therefore dissolve completely. 

GLASS. 

260. Calcium silicate is chiefly important because it is a con- 
stituent of almost all sorts of glass. 

Glass is a mixture of silicates of the alkalies with calcium or 
lead silicates. The alkali silicates are soluble in water, amorphous 
and easily fusible. The calcium silicates, however, are insoluble, 
very hard to fuse aud frequently crystallized. By fusing both 
together an insoluble amorphous transparent mass of moderate 
fusibility is obtained, which is glass. It is prepared by fusing a 
mixture of clean sand, lime and soda in refractory crucibles. 

The properties of glass depend primarily on the quality of the 
materials and secondarily on the proportions used. By varying 
these two conditions it is easy to obtain grades of glass varying 
widely in fusibility, hardness, lustre, refractive power, etc. There 
are very many different sorts in use. Some of the most important 
are the following: 

Soda glass (window glass) is a soda-lime silicate. It is 
readily fusible and is used for most purposes of the household. 

Potash glass (crow7i glasSy Bohemian glass) consists of a 
silicate of potassium and calcium. It is very diflficult to fuse and 
is therefore extensively used for chemical purposes (combustion 
tubes, etc.). 

Lead glass {flint glass) is a silicate of potassium and lead. 
It is softer, more easily fusible and highly refractive and takes on 
a beautiful lustre when polished. It is therefore used for optical 
instruments and fancy glassware ('^ cut glass"). 

Besides the substances mentioned many others are used in glass 
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factories to impart particular properties to the glass. The addi- 
tion of boric acid or the partial replacement of lead with thallium 
gives lead glass a still higher refnictive index. An admixture of 
alumina, A1,0, , prevents or hinders chemical utensils of glass from 
becoming brittle and allows the replacement of part of the alkali 
by lime. Certain metallic oxides form colored silicates and are 
therefore mixed in with the furnace charge to color the glass 
(cobalt, blue; chromium or copper, green; uranium, yellow-green 
fluorescent; etc.). The addition of bone-ash, Caj(POJ,, or tin 
oxide gives a milky-white opaque glass. In Lne table below are 
given the results of some analyses of different kinds of glass, 
affording an idea of their percentage composition : 



Wiudow glass 
Bottle glass. . 
Crown glass . . 
Flint glass.... 



SiOa 
70 


K,0 


Na,0 
13 


CaO 


PbO 




18 




60 




8 


26 




78 


11.5 


8 


11 




50 


11 






88 







AUO, 
and FesO, 



t 
7 
I 
0.5 



Water has in general very little effect on glass, nevertheless it 
attacks it somewhat. Old window-panes have a peculiar irides- 
cence, due to surface weathering. As it is very important 
in exact analyses to known how much glass can be dissolved from 
the utensils, careful investigations have been carried out, the 
results indicating the following: When the glass is new a rela- 
tively large amount goes into solution; this amount gradually 
decreases in the course of a few weeks to a minimum. At the 
first the alkali in particular is dissolved from the surface and the 
resulting solution then acts as a solvent for the silicic acid. To 
prepare glass vessels so that they are almost wholly unaffected 
by water they are subjected to a jet of steam for a quarter of an 
hour or left for several weeks full of water, the, water being 
renewed occasionally. Thus there is formed on the surface a thin 
layer, rich in silica and lime, which protects the inner portion 
from the action of the water. 

The dissolving action of water on the alkali of glass can be readily 
shown by agitating finely powdered glass in water. The liquid at once 
turns phenolphtalein bright red. 
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Glass is a typical amorphous substance. Such substances are 
often defined as liquids with a very high internal friction and the 
behavior of molten glass on cooling is an excellent illustration 
of this definition. At high temperatures molten glass is a 
thin liquid ; if the temperature is allowed to sink, the consistency 
of the glass becomes tougher so that between the wholly liquid 
and the wholly " solid ^' state there is a continuous series of half- 
liquid states. As it is thus impossible to fix a limit to the 
applicability of the laws for solutions^ e.g. that of diffusion, 
it seems rational to consider the <^ solid " amorphous state as a 
liquid, in contradistinction to the crystalline state, which latter is 
truly solid, having very different properties than liquids. 

Calcium sulphide, CaS, is formed by calcining gypsum with 
charcoal. On treating with water calcium hydrosulphide, Ca(SH), , 
is formedi whose aqueous solution decomposes on boiling. The 
sulphide (like that of barium and that of strontium) has the 
property of emitting light in the dark, if it has been previously 
exposed to sunlight, but seems only to show this phenomenon 
when it contains traces of other elements, such as vanadium or 
bismuth. 

n. strontium. 

261. This is one of the less widely diffused elements. The 
principal strontium minerals are strontianite, SrCO,, and celesHie, 
SrSO^. Its compounds are very analogous to those of calcium. 

The metal has been obtained by the electrolysis of fused 
strontium chloride. Its specific gravity is 2.5. In its properties 
it corresponds to calcium throughout. 

Strontium oxide, SrO, is formed on igniting the hydrate or 
carbonate. The temperature for the complete dissociation of the 
latter is higher than that for the corresponding calcium compound. 
The hydroxide, Sr(0H),-8H,0, is more soluble in water than 
calcium hydroxide. The chloride, SrCl, + 6H,0, is also hygro- 
scopic. It is soluble in alcohol and can, with the aid of the latter, 
be easily separated from barium chloride, which is insoluble in 
alcohol. Strontium sulphate is much less soluble than calcium sul- 
phate; at 16.1^ 1 part SrSO, dissolves in 10070 parts H,0 (CaSO,, 
1 part in 643 at 15.2°). In a mixture of alcohol and water it dis- 



Digitized by VjOOQ IC 



364 INOROANIC CHEMISTRY. 

solves to an extremely small degree. Strontium nitrate, Sr(NO,), ^ 
is insoluble in alcohol ; this forms the basis of separating it from 
calcium nitrate, which dissolves in alcohol. 

Strontium salts are used in pyrotechnics because of the beauti- 
ful crimson color they impart to a flame. 

in. Barium. 

262. This element occurs combined as barite, or hsavy spar, 
BaSO^, and as wither ite, BaCO,, in considerable quantities. In 
preparing the other barium salts it is merely necessary to dissolve 
the latter mineral in the proper acid. The barite must first be 
ignited with charcoal and so reduced, whereupon the resulting 
barium sulphide is decomposed with acids. 

The metal is, in this case also, obtained by the electrolysis 
of the fused chloride. Another method is to treat a hot barium 
chloride solution with sodium amalgam, forming barium amalgam ; 
on distilling off the mercury in a current of hydrogen, the barium 
is left, although not entirely free from mercury. It decomposes 
water vigorously even at ordinary temperatures. Sp. g. = 3.75. 

Barium oxide, BaO, is obtained by igniting the nitrate or 
hydroxide at a high temperature. It unites very readily with 
water to form the hydroxide, Ba(OH),, which is rather soluble in 
water (yielding haryta-water)y and crystallizes from the hot solu- 
tion on cooling in pretty laminae, which contain eight molecules of 
water. ^ 

Barium peroxide, BaO, , forms on heating the oxide in a cur- 
rept^of oxygen or air. When it is introduced into dilute sulphuric 
^id, barium sulphate is precipitated and hydrogen peroxide left 
in solution. If baryta-water is again added, BaO, -j- 8H,0 crystal- 
lizes out. 

Barium chloride, BaCl, + 2H,0, is not hygroscopic like SrCl, 
and CaCl,. The nitrate crystallizes anhydrous. 

Barium sulphate, BaSO^, is characterized by an exceedingly 
small solubility in water and acids; at 18.4° 1 part dissolves in 
429,700 parts H,0. It is used as a filler and as a pigment under 
the name of *' permanent white, ^' or blancfixe. Barium carbonate 
yields carbon dioxide only at very high temperatures, prolonged 
heating at 1450° being required for complete decomposition. 
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Sununary of the Oroup of the Alkaline Earths. 

The following small table summarizes the physical properties 
of the elements of this group : 





Be 


M(? 


Ca 


8r 


Ba 


Atomic weight 

Specific gravity 


9.1 

1.64 

5.6 

white 


24.86 
1.75 
13.8 
white 


40 

1.58 
25.2 
white 


87.6 

2.5 

84.9 


187.4 
8.75 


Atomic volume. 


86.5 


Color 











As to the specific gravity we observe that only in the cases of 
Ca, Sr and Ba is a steady increase noticeable. 

In respect to the chemical properties, it has already been 
remarked that these elements act only as bivalent; all compounds 
of the group therefore have the same formula type. In the solu- 
bility of the sulphates a gradual decrease is to be observed with 
rising atomic weight. 

Just as in the first group three elements, K, Rb, Cs, exhibit a 
particular kinship, so here calcium, strontium and barium are 
closely related in their properties, while the two other members of 
the group are unlike them in many respects. Beryllium displays 
analogy with aluminium in certain points just as lithium does 
with magnesium. 

8FECTAAL ANALYSIS. 

263. If the light from an ordinary gas-flame or the Welsbach 
incandescent light is broken up by a prism, there is projected a 
continuous series of perfectly blended colors from red through 
yellow, green and blue to violet. This phenomenon is called a 
spectrum, and, since it is unbroken, a continuous spectrum. We 
have previously remarked that the luminosity of a gas-flame is due 
to incandescent solid particles of carbon. It has been found to 
be a general rule that incandescent solids give a continuous 
spectrum. 

With incandescent gases it is different. If, for instance, 
we split up the light from a Bunsen flame, in which salts of 
sodium, calcium or other metals are volatilized, we see only a few 
narrow bands of light in certain places, the rest of the spectrum 
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being dark. This is termed a line spectrum. Every element has 
its own peculiar spectrum lines. If the spectrum of the incan- 
descent vapors of a mixture of elements is carefully examined, it 
is found to contain all the characteristic lines of each element. 
Since it is only necessary to volatilize extremely small amounts of 
substances in order to show their lines, it is readily seen how 
important the spectrum-analytical methods introduced by Bunsbk" 
and KiRCHHOFF must be. 

For the examination of spectra a number of instruments have 
been constructed, varying according to the particular object in 
view. For chemical analysis the apparatus of Vogel or that of 
John Browning is now most generally used. It is a small direct- 
vision spectroscope which gives a very bright spectrum and has a 
suflBcient dispersion. At the end B (see Fig. 71) is the slit which 




Fig. 71. 

can be made narrower or wider by turning the rim D. The small 
mirror m serves to throw light through the hole P on to an 
auxiliary prism, in order to compare the spectrum of the light 
which is to be analyzed with that of a known source. At 
the left end is the ocular through which the spectrum is seen. 
For further information text-books on physics should be con- 
sulted. 

In order to examine the spectra of metals it is necessary to 
convert the latter into the form of vapor at a high temperature. 
There are different ways of doing this. One is to introduce 
salts of the metals into a colorless flame by means of a platinum 
wire. The heat dissociates halogen salts and in the case of cxy- 
salts converts them into oxides, which are reduced to the metallic 
condition by the hot gases of the flame. This method is very 
satisfactory when there is plenty of material. If that is not the 
case a flame spectrum of this sort is not so good as a sparh 
spectrum^ for with the latter it is possible to detect with acouracy 
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extremely small amounts of a substance. Other advantages of tlio 
spark spectrum are its greater light intensity, the greater con- 
yenience in execution, and the like. Moreover at the high tem- 
perature of the sparks most elements exhibit spectra which 
cannot be obtained with the gas-flame. 

A spark spectrum can be obtained in a very simple manner, 
thus: Into the bottom of a little glass cup 
(», Fig. 72), about 15 mm. wide is fused a platinum 
wire, which ends in a tube g containing mercury 
and is thus connected with the negative pole of an 
inductor; it is incased in a conical capillary tube Xy 
that projects about 0.5 mm. beyond the wire. At 
the opposite end is the positive electrode in the 
form of a platinum wire, which, with the excep- 
tion of the short end d, is fused into a glass tube; 
the latter is fitted into the cork a. If some of 
the salt solution is poured into the cup about 
half way up the negative electrode, the liquid is 
drawn up to the end of z by capillarity and every 
spark volatilizes a tiny portion. In this way there 
is no loss of material and the sparks are very uni- 
form, so that the observation of the spectrum can 
be continued at length. 

For the study of the spectra of substances 
gaseous at ordinary temperatures the P l u c k e r-H i t t o r f 
(Geissler) tubes are used (Fig. 73). The gases are sealed up 




Fig. 72. 



which are 



Fio. 73. 

in them in a very dilute condition. On connecting one of these 
with the poles of an induction coil, the whole tube is illuminated, 
most intensely in the narrow portion. This part is placed in front 
of the slit of the spectroscope. 

Some substances have the property of absorbing certain colors 
and transmitting others. If the solution of such a substance is 
placed before the slit of a spectroscope and the light of a contin- 
uous spectrum allowed to pass through it, dark bands or lines are 



Digitized by VjOOQ IC 



368 INOROANIC CHBMISTRT. 

observed in the spectrum. A number of substances have very 
characteristic absorption spectra. 

264. The spectroscope is one of the most delicate means we 
have of detecting many substances. This is readily seen on con- 
sidering how small an amount of the substance under examina- 
tion ia volatilized by the sparks. We arrive at numbers like 
0.3 X 10'^ mg. sodium, for instance, as the least amount that 
can be detected. It has thus been possible to discover elements 
which occur only in company with large amounts of others and 
would therefore have been very difficult to find in the ordinary 
way. BuNSEN and Kirchhoff themselves found csesium and 
nibidium in this way in Durkheim mineral v/ater. In order to 
obtain these elements from it in the form of chlorides, it was 
necessary to evaporate 44,000 kg. water, which yielded 16.5 g. of 
a mixture of the chlorides. Other very rare elements which were 
discovered by spectral analysis are thallium, indium, gallium, 
ytterbium and scandium. 

The spectra of the elements differ widely in appearance; some, 
e.g. those of sodium, thallium and indium display only one dis- 
tinct line (see plate) ; others, such as those of barium, strontium, 
calcium and especially iron, are very complex and consist of very 
numerous lines of varying intensity. Among these there are some 
which are easily recognized and have a characteristic position. 
Thus, for example, rubidium and csBsium are most readily delected 
in spectroscopic work by means of their closely adjacent blue 
lines. 

266. Attempts have been repeatedly made to find some connection be- 
tween the positions of the different spectral lines of an element or between 
those of the different elements of the same group. 

Legoq de Boisbaudran has called attention to the fact that the prin- 
cipal lines of the spectra of the alkalies and alkaline earth move towards 
the red end as the atomic weight increases. The blue lines of potassium 
are close to the ultra-violet portion ; in rubidium and caesium they are 
nearer the red. There is also some similarity in the distribution of the 
lines ; this is particularly true of certain groups, e.g. the alkalies. 

Balmer and also Katser and Runge have discovered numerical rela- 
tions between the wave lengths of the lines of the same element. The first- 
named investigator found that the wave lengths of the hydrogen lines are 
expressed with striking accuracy by the formula 

n* — 4 
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In which j1 is a constant (8647.20) and n stands for whole numbers from 
3 to 15. This result naturally excited a desire to investigate the spectra 
of other elements, in which work the two last-named scientists have been 
especially prominent. It was found that the relation between the lines 
cannot be expressed in such a simple way as for those of hydrogen. In the 
first place it was necessary to employ a formula 

which contains not merely one constant, as did that of Balmsr, but 
th r e e (ii, B and C), and even then it does not represent the wave length 
with the same accuracy as does Balmer's formula for the hydrogen spec- 
trum. Besides, it was impossible to represent the spectrum of a metal by 
one such formula, it being found necessary to divide the spectrum into 
series^ for each of which the particular values of A, B and C had to be 
calculated.* 

Finally, it was also found that for the elements of the first group of 
MsNDELBEFF^s system the different series (each element haying several) 
consisted not of lines but of pairs (or triplets) of lines. 

The impetus to all such investigations lies in the hope that a knowl- 
edge of the laws which govern the distribution of the spectrum lines of one 
and the same substance, on the one hand, and the variation in the distri- 
bution from substance to substance on the other hand, would throw some 
light on the nature and the kinetic condition of the atoms. 

266. With the aid of spectroscopy it has been possible to deter- 
mine what elements are present in the heavenly bodies. When 
light from the latter is passed through a prism, line spectra are 
obtained and these lines correspond in position to those of terres- 
trial elements. The composition of sunlight has been especially 
the object of a most extensive study. The spectrum of that body 
contains numerous black lines, known as Frauxhofer 
lines. Many of these correspond exactly to those of terrestrial 
substances. The fact that the lines in the solar spectrum are 
black is explained thus: The sun consists of a very hot central 
portion, which gives a continuous spectrum. This portion is sur- 
rounded by an atmosphere of incandescent vapors, whose tempera- 
ture is below that of the interior. In this stratum are the ele- 
ments whose lines are really bright, but appear dark in the solar 
spectrum. The light of the central portion is partially absorbed 
in this atmosphere, the absorbed lines being those of exactly the 
same wave length as the waves emitted by the atmosphere itself. 

* According to Rydberg a more generally applicable formula is X" ' — 
A- B{m '{-€)-''' 
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On account of the greater intensity of the light from the interior 
the lines of the atmosphere (''reversing layer") appear dark on 
the light background. This phenomenon can be demonstrated in 
the following way: A little sodium chloride is introduced into a 
colorless gas-flame, making it yellow. In the spectroscope a bright 
yellow line is observed. If, however, a light with a higher tem- 
perature and a continuous spectrum (e.g. an electric arc) is placed 
behind the sodium flame and the latter is then observed through 
the spectroscope, a continuous spectrum of the electric light is 
seen and in the place of the sodium line there is a dark line. 
That portion of the light of the electric arc which has the wave 
length of the sodium line is completely absorbed by the sodium 
flame; the light intensity of the latter is, however, much lower,, 
so that a dark line is formed on the bright background of the 
continuous spectrum. 

By comparing the Fraunhofer lines with the spectra of ter- 
restrial substances it has been found that the sun's atmosphere 
contains chiefly Fe, Na, Mg, Ca, Cr, Ni, Ba, Cu, Zn and H (the 
latter in enormous quantity). Moreover for 450 lines of the iron 
spectrum there are found to be corresponding dark lines in the 
sun's spectrum. On the other hand, the solar spectrum displays 
countless lines which are not known in terrestrial spectra. 

267. We are led to presume that many of the elements to which these- 
lines are due will also be revealed on the earth by more careful research, 
especially when we consider what a small part of the earth is known (see 
footnote, p. 8). This presumption has been strongly confirmed by the dis- 
covery of lidium (p. 166). The principal line of the latter, Dt — so termed, 
because of its proximity to the double D line(/)iZ>i) of sodium — was ob- 
served in the spectra of many fixed stars as well as in that of the sun 
before the element itself was identified on the earth. Helium was thua 
discovered in the stars before it was on the earth. It is a striking fact 
that it occurs in exceedingly large quantities in the fixed stars (according 
to spectrometric observations) while there is apparently only a very small 
amount of it on the earth. 

ZIHC. 

268. The most important zinc minerals are ccUamifie (H,Zn,SiOj), 
smitksonite (ZnCO,), sphalerite, or blende, (ZnS) and different 
oxides. The principal localities are Silesia, England, Belgium, 
Poland and, more recently, certain districts in the United States. 
To obtain the metal the ores are roasted —the gas (SOJ from the 
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sulphide ores is converted into sulphuric acid — yielding zinc oxide. 
This is mixed with coal and heated, forming carbon monoxide and 
zinc. The latter distills over and collejjitf in the receiver together 
with a fine gray powder, zinc dusL^^^is ** dust" is a mixture of 
zinc oxide and zinc powder and^ frequently used in the labora- 
tory as a vigorous reducing agent. 

The metal is bluish-white and nas a specific gravity of 
6.9-7.2. At ordinary temperatures it is brittle, but at 100-150° 
it becomes softer; it can then be beaten into plates. At the same 
time the specific gravity rises to 7. 2 and the metal becomes firmer. 
At 200° it again becomes brittle and can be easily pulverized. It 
melts at 433'' and boils at 920°. The metallic vapor has a specific 
gravity of 33.8 (11 = 1); hence its molecular weight is 67.6. 
Since the atomic weight, as deduced from Dulong and Petit's 
law, is 65.4, the molecule in tbe vaporous state can contain only 
one atom. Tlio same is true of the related metals cadmium and 
mercury. Zinc is permanent in the air, since it becomes firmly 
coated with a protective layer of oxide. Zinc dust decomposes 
water. "When heated to boiling in the air the metal burns to zinc 
oxide, producing an intensely bright light. It is dissolved very 
easily by hydrochloric or sulphuric acid with the evolution of 
hydrogen; it is an interesting fact, however, that when a piece of 
absolutely pure zinc is placed in either of these acids no hydrogen 
is generated. If this piece of zinc is brought in contact with a 
platinum wire, effervescence begins at once, not from the surface 
of the zinc, however, but from that of the wire, and zinc goes into 
solution. Written in ions the process is 

Zn + 2H = Zii + 2H, 

and its explanation is just the same as that given in § 203, for the 
formation of a **lead tree." In this case also the zinc drives 
cations into the solution with great force, itself thus assuming a 
negative charge, with which hydrogen ions can be discharged. 
The only difference seems to be that these hydrogen ions discharge 
themselves at the platinum instead of at the zinr^. However, this 
difference is not real since in the case of the lead tree the fresh 
portions of lead are deposited on the outermost parts of it. The 
perfect analogy is made still clearer by a somewhat modified form 
of the experiment. 
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When, on the one hand, a plate of amalgamated zinc and one 
of platinum are connected by a metallic wire and dipped in dilute 
fiulphuric acid (Fig. 74) hydrogen is evolved from the platinam 
plate and when, on the other hand, a plate of amalgamated zinc 
and one of lead are similarly connected and dipped in a dilute solu- 
tion of lead nitrate (Fig. 75) lead crystals are deposited not on the 



zn^ ^ r~7^ iTz^ rv^ 



FiQ. 74. 




Fig. 75. 




zinc but on the lead. In both cases the negative charge of the zino 
goes through the wire to the other plate, on which the ions of 
hydrogen, or lead, as the case may be, can discharge themselves. 

Metallic zinc — often called spelter in commerce — ^has numerous 
uses. For instance, zinc plates are very extensively used for roof- 
ing. Iron is frequently coated with zinc to prevent rusting; it is 
then known as galvanized iron. Further, zinc is a constituent of 
many alloys, e.g. brass (§ 242). 

269. Zinc oxide, ZnO, is usually prepared by igniting the baeic 
carbonate. On being heated it turns yellow; on cooling, the 
original white color returns. It is employed as a pigment under 
the name zinc white, or Chinese white. 

Zinc hydroxide, Zn(OH), is precipitated by alkalies from the 
solution of a zinc salt as a white gelatinous mass, soluble in the 
alkalies as well as ammonia; however the reason is different in the 
two cases. In the presence of alkalies zinc hydroxide behaves as 
a weak acid; it forms ZnO," anions and the cations 2H, which 
yield a salt Zn(OK)j with the alkali in the ordinary way (§ 66). 
When treated with ammonia, however, a complex zinc-ammonia 
ion is formed, which is soluble. 

Zinc chloride, ZnCl^, can be obtained by heating zinc in a cur- 
rent of chlorine or by dissolving zinc in hydrochloric acid and 
evaporating the solution. In the latter case some oxychloride is 
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formed^ however. Zinc chloride melts on heating and distills at 
680°. It is very hygroscopic and is often used for splitting off 
water from organic compounds. On adding zinc oxide to a con- 
centrated zinc chloride solution a soft mass is obtained, which soon 
becomes hard because of the formation of the basic chloride 

OH 
Zb<q, . Ammonia unites with zinc chloride to form varioua 

compounds. 

Zinc sulphate, ZnSO^ + 7H,0, crystallizes in well-developed 
crystals, which are isomorphous with the analogous compounds 
MgS0^«7 aq, FeSO^-7 aq, etc. It is prepared commercially by 
carefully roasting zinc blende. 

Zino sulphide, ZnS, is completely precipitated by hydrogen 
sulphide from solutions of its salts to which sodium acetate has 
been added to neutralize the acid set free from the zinc salt. In 
the absence of sodium acetate it is still partially precipitated, even 
from solutions of the neutral salts of strong acids. 

This is not the case with the salts of the other metals belonging to the 
same analytical group as zinc, e.g. with the ferrous and manganese salts. 
The difference is due to the greater iDsolability of zinc sulphide. When 
hydrogen sulphide is passed into a zinc solution, which contains of course 
Zn-ions and acid anions, HiS-molecules and H- and S-ions are introduced 
into the liquid so that we have side by side the ions : 

Zn" + SO4" + 2H + S". 

Especially if the zino solution is concentrated, the solubility product of the- 
Zn- and S-ions is soon reached so that ZnS must be deposited. This action 
however will soon reach a limit, on account of the H-ions which stay in 
the solution and almost completely suppress the ionization of the hydrogen 
sulphide molecules still present. By the addition of an excess of sodium 
acetate, however, these free H-ions find occasion to combine with the 
acetic anions, and this combination will be almost complete when an 
excess of the latter ions is present. The concentration of the H-ions 
thus becomes so slight that the zinc-sulphide must all be deposited. If, 
however, the solubility product of the sulphide is not so small, as in the 
case of ferrous and manganese sulphides, the slight ionization of the HaS 
Tenders it impossible for the solubility product to be reached, or, in other 
words, the sulphides will not be precipitated. Zinc, by reason of the solu- 
bility of its sulphide thus assumes an intermediate position between the 
metals that are not precipitated by hydrogen sulphide and those that are. 
The solubility of the sulphides must decrease in the series FeS . . . ZnS . . . 
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GuS ; the difference between these two analytical groups is thus not sadden 
or sharp but gradual. 

CADMIITM. 

270. Cadmium is very frequently found in zinc ores. Being 
more volatile than zinc it distills over first in the extraction of 
such ores. It is obtained pure by repeated distillation or by con- 
version into the sulphide, which is insoluble in dilute acids and 
can therefore be separated by the latter from zinc sulphide. 

Cadmium is a white, rather soft metal; sp. g., 8.6; m.-pt., 
31o°; b.-pt., 778°. It is unaffected by the air but bums on heat- 
ing, forming a brown cloud of oxide. It is difficultly soluble in 
dilute hydrochloric and sulphuric acids, but readily soluble in 
dilute nitric acid. The cadmium molecule in the gaseous state 
contains only one atom. 

Cadmium oxide, CdO, is obtained as stated above and also by 
heating the carbonate or hydroxide. It is an amorphous brown 
powder. Cadmium hydroxide, Gd(OH),, is insoluble in caustic 
potash or caustic soda but soluble in ammonia, on account of the 
formation of a complex ion. Cadmium chloride, GdCl, , crystallizes 
with two molecules of water and can (unlike zinc chloride) be 
dried without decomposition. Cadmium sulphide, CdS, is char- 
acterized by a bright yellow color (it is used as a pigment). It is 
insoluble in acids. The sulphate, CdSO^ , usually crystallizes out 
of its aqueous solution as 3CdS0^ -|- 8H,0. There is also a salt 
CdSO^ + 7H,0, which is analogous in composition to the sulphates 
of magnesium, zinc, iron, etc. 

MEBCUAT (ttaicksilver). 

271. Mercury is the only metal that is liquid under ordinary 
conditions. It occurs in nature in cinnabar, HgS, and also native. 
The chief localities are Almaden in Spain, Idria in lUyria, Mexico, 
Peru, California, China and Japan. To obtain mercury from 
cinnabar the latter is roasted in furnaces, sulphur dioxide and 
mercury being formed. The mercury vapor is condensed either 
in large chambers or in peculiarly shaped earthen retorts, or 
pipes, called ahidels. It is brought on the market in iron flasks. 

The commercial product is not pure, containing more or less of other 
metals in solution (e.g. lead, copper, etc.). Such impurities can be readily 
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detected by the fact that they make the mercury adhere to a glass 
vessel. A suitable process of purification consists in letting it fall in 
fine drops through a long column of nitric 
sicU\ (sp. g,y 1.1) as in Fig. 76. The for- 
eign metals are tlius completely dissolved, 
Avliile almost no mercury is lost by solution, 
beciiuse these foreign metals precipitate 
mercury from its salt solutions. After being 
washed with water the metal is dried and, 
if absolute purity is desired, it is then dis- 
tilled in vacuo. But a vacuum distillation 
by iUelf is insufficient, for some lead goes 
over with it. 

Physical Properties. — Mercury so- 
lidities at - 39.4° and boils at 360°. 
Ev.m at ordinary temperatures it is 
somewhat volatile, especially under re- 
duced pressure; when gold-leaf is sus- 
pended in a bottle over mercury, for 
instance, it becomes white in time. 
The metal has a specific gravity of 
13.595 at 0°. The vapor density is 
^9.36 for H = 1; hence the molecule 
weighs 198.72. This number also rep- 
resents the atomic weight, as has been 
found from molecular weight deter- 
minations of many volatile mercury 
compounds. 

Amalgams, — Many metals have the 
property of dissolving in mercury or forming compounds with 
it. These metal solutions or compounds are called amalgams. 
Besides by the direct contact of the two metals they can some- 
times also be obtained by allowing mercury to act on the solutions 
of metal salts, e.g. silver amalgam can thus be prepared. Some 
metals, such as tin, dissolve in mercury with heat absorption; 
others like potassium and sodium with great heat evolution and 
vigorous action. If a great excess of mercury is used, the amal- 
gams are liquid, otherwise solid. Sodium amalgam is exceedingly 
firm when it contains more than 3^^ Na. 

Chefnical Properties, — At ordinary temperatures the metal is 




Fig. 



76. -r Purification op 
Mekcury. 
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not affected by the air; at higher temperatures it takes up oxygeir 
to form the oxide HgO, which, however, splits up again into its 
elements on farther heating. Dilute hydrochloric and sulphuric 
acids do not attack it at ordinary temperatures and dilute nitric 
acid acts only in the presence of nitrogen dioxide (see § 127). 
Mercury unites instantaneously with the halogens and sulphur. 

Mercury forms two sets of salts, ous and tc, the former being 
derived from mercuT(ms oxidey Hg,0, and the latter from mercuric 
oxidBy HgO, 



Mercurous Compounds. 

272. Merourous oxide, Hg,0, is dark brown. It is precipitated 
from the solution of a mercurous salt by caustic soda. It decom- 
poses at as low a temperature as 100^ or in the light, yielding- 
HgO and Hg. 

Mercurous chloride, Hg,Cl,, calomel, can be prepared in the 
wet way by precipitating a dissolved mercurous compound with a 
chlcride, or in the dry way by subliming a mixture of mercuric 
chloride and mercury. It is a white powder, insoluble in water, 
but turns dark in the light on account of the separation of metal- 
lic mercury. Ammonia blackens it by forming a mixture of 
mercuric ammonium chloride, NH,HgCl, and finely divided mer- 
cury: 

2HgCl + 2NII, = H^NHgCl + NH^Cl + Hg. 

Calomel is frequeitly used as a medicament. 

The vapor density of calomel has been found to be 117.6 (H = 1), which 
corresponds to the molecular formula HgCl. When calomel evaporates, 
however, a dissociation into HgCU and Hg occurs; these products unite . 
again on cooling but they can be previously separated by diffusion. It is 
for the above reason that the vapor density was found to be half the 
amount calculated for HgiCli ; hence the correct formula of calomel is 
Hg.CU. 

Mercurous bromide and iodide are even less soluble than the 
chloride. The solubility decreases, as in the case of silver, with 
an increase in the atomic weight of the halogen. 

Mercurous nitrate, HgNO,, is formed when cold dilute nitric 
acid acts on an excess of mercury. It is hydrolytically dissociated 
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OH 
by water, a yellow basic salt Hg,< j^q being deposited. It there- 
fore dissolves without decomposition only in dilute nitric acid. 
The mercurous ion is evidently only very feebly basic. A solution 
of mercurous nitrate is slowly oxidized by the oxygen of the air to 
the mercuric salt, but the addition of a little mercury reconverts 
it into the lower form. . 

Hercoric Compounds. 

273. Mercuric oxide, HgO, is red and crystallized when pre- 
pared by heating mercury or mercury nitrate, but yellow and 
amorphous when precipitated from solutions by a hydroxide of 
potassium or sodium. The difference between these forms seems 
to be due only to a difference in the coarseness of their grains. 
Mercuric oxide turns black on heating and red on cooling. 

Mercuric chloride, IlgCl^ , corrosive sublimate, is manufactured 
on a large scale by heating a mixture of common salt and mercuric 
sulphate; it sublimes over, whence its name. At room tempera- 
ture 1 part HgCl, dissolves in 15 parts H,0. It is more soluble 
in alcohol. The acid reaction of its aqueous solution indicates 
hydrolytic dissociation ; if sodium chloride or potassium chloride 
is added to the liquid, the reaction becomes neutral because of the 
formation of a double salt HgCl,-KCl-HjO. This is more soluble 
in water than sublimate itself. 

Mercuric iodide, Ilgl, , is yellow when it is first precipitated 
from the solution of a mercury salt by potassium iodide, but it 
soon becomes red. If this modification is heated, it passes over 
into a yellow form at 150°, the original red color returning on 
cooling, however. There is evidently a transition-point here. 

A similar transition-point is shown by the doable salt CuaIs*2HgIs which 
clianges its color from red to brown at a temperature below 100°; it also 
displays the peculiarity that the transition proceeds very fast in both direc- 
tions, whereas most such processes are very slow. For this reason it has 
been suggested that the ends of the axles of railway carriages be coated 
with this substance so as to show when they become overheated. 

Mercuric iodide dissolves readily in potassium iodide solution. 
Nessler's solution, a very valuable reagent in testing for 
ammonia, is made by mixing the above mercuric iodide solution 
with caustic potash. It should be noted, however, that many 
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organic nitrogen compounds give much the same coloration as 
ammonia with Nessler's solution. 

Hercoric cyanide, HgCy, , is obtained by boiling Prussian blue 
with mercuric oxide. It crystallizes in fine large colorless crystals. 

274. The mercuric halides, in contrast to the other salts of the mer- 
curic ion, are only slightly ionized in aqueous solution. For this reason 
they exhibit some peculiar reactions. On mixing a mercuric solution with 
one of' a chloride, for instance, considerable heat is given off because un^ 
dissociated HgOU molecules are formed, while' the mixture of solutions 
ordinarily obeys the law of thermoneutrality (§ 238, 2).— Again, if mercuric 
oxide is shaken with a solution of chloride, bromide or iodide of potas- 
sium, the liquid becomes strongly alkaline because of the liberation of po- 
tassium hydroxide. This is due partly to the slight ionization of the mer- 
cury halides and partly to the combination of the latter with the excess of 
alkali halide to form very stable alkali mercuric halides. The 
stability of these complex compounds increases with rising atomic weight 
of the halogen. — ^The same cause explains the reverse fact, viz., that the 
halogen compounds of mercury are only with difficulty decomposed by 
alkalies. In order to precipitate all the mercury from mercuric chloride a 
large excess of potassium hydroxide must be employed ; mercuric iodide 
and mercuric cyanide cannot be decomposed by potassium hydroxide alone. 
Mercuric cyanide is so little ionized that its conductivity can hardly be 
measured ; hence it does not give any of the ordinary mercury reactions, 
except the formation of the sulphide (since the latter is so very insoluble). 
This cyanide can be regarded as a type of compounds rendered inactive 
because of non-ionization. 

The mercuric halides (especially corrosive sublimate) are very strong 
antiseptics. It is an intei*esting fact that in this respect also, they become 
more effective as their ionization increases. The chloride is a more pow- 
erful antiseptic than the cyanide. The addition of metal chlorides dimin- 
ishes the ionization of sublimate and at the same time reduces its disin- 
iecting ability. 

The reason why the mercuric chloride for use in sublimate tablets is 
nevertheless mixed with an excess of common salt is partly that the sub- 
limate may be dissolved more rapidly and also because such solutions keep 
longer than those of the pure sublimate, especially when prepared with 
well-water. 

Mercuric nitrate, Hg(NOj)j, forms basic salts very readily; on 
diluting its solution in nitric acid with water there is deposited a 
compound Hg(NOj), • 2HgO • H,0, which is converted into pure 
mercuric oxide by boiling with water. This shows that the 
bivalent mercuric ion also is very feebly basic. 
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Mercuric sulphate is not solable in water but is converted by 
the latter into a basic salt. In the presence of much water the 
yellow Hg80^-2HgO is formed. With the sulphates of the 
alkalies it forms double salts, e.g. HgS0^-K,S0^-6H,0, which are 
isomorphous with the corresponding double salts of magnesium 
<§ 255), iron, etc. 

Mercuric sulphide, HgS, is black when precipitated from solu- 
tion; on being heated in the absence of air it sublimes in dark-red 
crystals, which are similar to natural cinnabar and are used as a 
pigment {vermilion). 

Summary of the Oroup. 

275. Here again a gradual change in the physical properties is 
to be seen as the atomic weight rises. The following small table 
sets it forth : 
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In respect to the chemical properties it should be noted that 
all of these elements are bivalent. Mercury, however, can be con- 
sidered as univalent in its ous-compounds. Their sulphates unite 
with those of the alkalies to form double salts of the same type, 
RS0,.K,'S0,.6 aq (R' = K, Na, NHJ; the beryllium double salt 
aloue crystallizes with 3 aq. The hydroxides of this group are 
soluble in ammonia with the formation of complex ions, or they 
yield insoluble metal-ammonia compounds (Hg). 

The neutral salts have a tendency to go over into basic salts. 
This is especially marked in mercury; in the case of cadmium it 
is, strange to say, very weak. 

With the halogen compounds of the three related metals Zn, 
Cd and Hg the electrolytic dissociation is small ; it decreases as 
the atomic weight of the metal rises and is very slight in the case 
of mercury. 
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ELECTBOCEEMISTBT. 

276. As early as the beginning of the nineteenth century, when 
Davt isolated the alkali metals by means of the electric current. 
(§§ 223 and 227), it was known that there is an intimate relation 
between electrical and chemical phenomena. Bebzelius even 
went so far as to suppose that affinity could be perfectly explained 
by assuming that the atoms are electrically charged and that this 
is why they attract or repel each other. For a long time the 
galTanic element has been known as a means of conyerting chem- 
ical energy into electrical. It was not until 1889, however, that 
a theoretical explanation of the connection between chemical and 
electrical phenomena was offered ; this explanation by Nernst is 
not only a very satisfactory one but it also affords an insight into 
numerous chemical phenomena. 

When a metal comes in contact with the aqueous solution of 
one of its salts a difference in potential develops between the two. 
For this phenomenon Nernst presents the following explanation^ 
which is of fundamental importance to electrochemistry. Just as 
a liquid continues to evaporate at its surface until the pressure of 
the vapor becomes equal to the vapor-tension of the. liquid, so a 
salt must continue to dissolve in water (evaporation and solution 
being analogous processes) until the osmotic pressure of its solu- 
tion balances the solution tension of the salt. Now, accordiivg to 
Nernst, every metal also has a certain tendency, dependent only 
on its chemical character, to force its atoms into solution as ions. 
This force, called the sohdion tension^ comes into action when the 
metal is immersed in an electrolyte and its strength is the less, 
the more cations of the metal are already in the solution. If P 
represents the solution tension of a metal and p the osmotic pres- 
sure of the cations in the solution, there are three possibilities to 
be distinguished : 

(1) P > p. The metal then behaves like a salt in contact 
with its own unsaturated solution. It forces cations into the solu- 
tion of the electrolyte, so that the latter becomes positively charged 
and the metal has to take on a negative charge. No matter how 
much the value of P may exceed that of p, the number of cations 
which the metal forces into solution is necessarily small, for an 
equilibrium must soon be established inasmuch as the negatively 
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charged metal exerts an attraction on its positively charged ions 
and just as many metal ions will soon be redeposited on the metal 
as are driven into the solution. However, if the free positive and 
negative electricities acquired by the electrolyte and the metal are 
conducted away by a connecting wire the metal will again send 
cations into the solution, and this action will continue till p 
reaches the value of P, 

(2) F =p. There can be no potential difference. 

(3) P < p. In this case the metal corresponds to a salt intro- 
duced into its supersaturated solution. Cations are now deposited 
on the metal and charge it positively, the electrolyte becoming 
negative. Here also a state of equilibrium must soon arise since 
the negatively charged electrolyte tends in turn to drive the posi- 
tive metal ions back into solution. 

The relation between the potential difference E and the mag- 
nitudes P and^, Nernst expresses by the equation: 

RT P 

B=—l-, (1) 

n p ^ ' 

in which R is the gas constant, T the absolute temperature, n the 
valence of the metal ions and I the natural logarithm. 

From this equation it follows, among other things, that E 
increases in arithmetical progression as p decreases in geometrical 
progression. If B is expressed in volts, R = 0.860 x 10~*. If 
we make 7'= 291, i.e. 273 + 18 (18° taken as the room tempera- 
ture), and introduce Briggs logarithms, we have: 

^ 0.0576 , P 
n p 

If, for example, the ionic concentration grows ten times smaller, 

E increases by only •- volts; it is thus seen that the potential 

difference is not much affected by changes in the concentration of 
the electrolyte, even though they be quite large. 

On bringing together two different metals and their salt solu- 
tions an element, or cell, of the Daniell type is obtained (copper 
in copper sulphate and zinc in zinc sulphate, the two pairs 
separated by a porous partition). The electromotive force of such 
a cell is found from the difference of the two values of F, i.e. 
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*=^''F'k) » 

when both metals have the valence n. 

In such a cell with closed circuit there are differences of potential not 
only between metal and solution but also between the two liquids and 
between the two metals. Experience has shown both of the latter to be 
very small in comparison to the former, however, so that they may be 
disregarded. 

Leaving the solution tensions P^ and P, out of consideration^ 

E therefore depends on the values of the osmotic pressure p^ and 

jt?, of the metal-ions. If p^ can be made extremely small, so that 

P P 
l—^<l-^, E becomes negative, i.e. the current must alter its 

Pi Pt 

direction. This can be demonstrated as follows: 

In a Daniell cell, in which the osmotic pressure of the zinc 
ions ( p^ is seldom very different from that of the copper ions 
(jp,), the current goes from the copper through the connecting 
wire to the zinc, for the solution tension (P,) of the zinc is much 
larger than that (P,) of the copper (see below). Now the con- 
centration of the copper ions can be made several powers of ten 
smaller by adding potassium cyanide to the copper sulphate solu- 
tion, for by this means the very slightly ionized complex (Cu,CyJ" 
is formed (§ 243). This addition actually reverses the direction 
of the current. Neither the precipitation of the copper by potas- 
sium hydroxide nor the precipitation by ammonium sulphide 
reduces the concentration of the copper ions enough to produce 
this effect. 

Since equation 2 can also be written 



n \ P, 



2 Pj 



and, when p^-=- p^, the last expression becomes zero, it is apparent 
that the electromotive force of a Daniell cell is mainly determined 
by the ratio of the solution tensions of the metals. A galvanic 
cell can he regarded as a machine driven by the electrolytic solution 
tensio7is of the metals. 

The introduction of this conception of solution tension and the 
ideas connected with it has led to an altogether clearer understand- 
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ing of the chemical processes of galvanic cells, as well as of the 
way in which the current is formed in them. 

Galvanic cells may be divided into two classes, reversible and 
non-reversible. The Daniell belongs to the first class. It pro- 
duces a current because the solution tension of the zinc exceeds 
that of the copper. The zinc sends its positively charged ions 
into the sulphate solution and itself becomes negative. On the 
other hand, the copper ions, on passing over into atoms and pre- 
cipitating themselves on the copper plate, transfer their positive 
charges to the latter, which thus becomes the positive pole- 
Chemically the process amounts to the simultaneous solution of 
zinc and precipitation of copper: 

CuSO, + Zn = Cu + ZnSO,, or in ions: Cu ' + Zn = Cu + Zn". 

If a current is sent thnmgh the Daxiell cell in the opposite 
direction, ions will enter into solution at the copper plate because 
the latter acquires a positive charge, and the zinc ions will be 
forced to deposit themselves on the zinc, for the reverse current 
charges the zinc negatively so that it attracts the zinc ions. It is 
therefore possible by passing a reverse current througli the cell to 
restore it to its original condition, — hence the term reversible. 

One of the most important styles of reversible batteries is the 
accumulator, or storage-battery (Fig. 77). 
This consists of a glass jar in whicli lend 
plates are suspended so that they dip into 
dilute sulphuric acid. These plates are 
coated alternately with lead peroxide (posi- 
tive) and lead sulphate (negative). The 
positive plates are all connected with each 
other, as are also the negative ones. (From 
a large number of such cells a battery is 
constructed by connecting the positive pole 
of each cell with the negative pole of the 
adjoining one.) If a current is passed Fig. 77.~AccuMuiJkTOR, 
through the system so that it enters at tlie 

lead peroxide plate and goes through the sulphuric acid to the 
other plate, lead peroxide collects on the positive plate while on 
the other, the cathode plate, the lead sulphate is converted into 
spongy lead. By this process the accumulator is charged. Thero- 
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upon, if the poles are connected (by a wire), the opposite process 
goes on; the lead peroxide is reduced at the one plate and the 
spongy lead is converted into lead sulphate at the other. During 
the discharge the peroxide plate is again positive, the lead plate 
negative. 

The chemical process in the accumulator cell is therefore 
expressed by: 

PbO, + Pb + 2H,S0, -^ 2PbS0, + 2H,0. 

The generation of the current has been explained in various 
ways; one is as follows: The lead peroxide on the anode plate has 
a certain solution tension, and hence goes into solution as nega- 
tively charged PbO," ions. Thereby it of course imparts to the 
plate itself a numerically equivalent positive charge. These 

bivalent PbO/' ions Encounter positively charged Pb ions at the 
cathode plate, which are being sent by it into the solution; the 
cathode plate charges itself negatively at the same time. The two 
sorts of ions now combine to form electrically neutral PbO mole- 
cules, which yield lead sulphate with the sulphuric acid present: 

PbO," + Pb'= 2PbO; 2PbO + 3H,S0, = 2PbS0, + 2H,0. 

Among the non-reversible cells are the Bunsen and 
the Leclanche. A reverse current does not restore these to 
their original condition and their electromotive force E cannot be 
calculated by the above formula; nevertheless the general prin- 
ciples of the pressure theory can be applied to explain the produc- 
tion of the galvanic current by these cells. 

The arrangement of the Bunsen cell — an amalgamated zinc 
plate dipped in sulphuric acid and a carbon cylinder in nitric or 
chromic acid — is well known. Prom an electrochemical stand- 
point the generation of hydrogen from zinc and sulphuric acid 
amounts to a transfer of the charges of the hydrogen ions of the 
dilute acid to the zinc atoms and an escape of hydrogen in the 
form of discharged molecules. In the Bunsen cell, however, 
most of the hydrogen ions find an opportunity to give up their 
positive charges to the carbon cylinder and exercise a reducing 
action on the nitric or chromic acid. On the other hand the zinc 
plate sends positively charged zinc ions into the solution to the 
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'same extent as hydrogen ions disappear, the zinc plate itself 
acquiring a negative charge. 

The Leolaxchb cell consists of a zinc bar in concentrated 
ammoniom chloride solution and a porous earthenware cylinder 
immersed in the same solution and containing some manganese 
peroxide and a stick of carbon for conducting off the current. 
Here again the zinc goes into solution : 

Zn + 2NH,C1 = ZnCl,.2NH, + H,. 

The hydrogen ions discharge themselves at the carbon and reduce 
the peroxide. In this case also the carbon is the positive, the zinc 
the negative, pole. 

277. Just as in galvanic cells chemical energy is transformed 
into electrical energy, so there is reason to suppose that reactions 
between ions in general are capable of producing an electric cur- 
rent if the conditions are suitable. A few examples of this may 
be cited. 

For these experiments a cell devised by Lcpke is very satisfac- 
tory (Fig. 78). It consists of two glass vessels Zj and Z,, to the 
"bottoms of which the platinum 
electrodes k^ and k^ are attached. 
"The vessels are connected by 
means of the wide siphon H. 
The wires A and K lead to a gal- 
vanoscope. To show that elec- 
trical energy can be obtained by 
the oxidation of the stannous to 
the stannic chloride an acidu- 
lated stannous chloride solution 
(11.2 : 100) is introduced into Z^ 
and an acidulated normal sodium 
chloride solution into Z^\ the 
siphon also is filled with the latter 
solution. As soon as a few drops ^^''' 78.-Lupke Cell. 

of chlorine water or a solution of auric or mercuric chloride are 
allowed to fall from a pipette upon the electrode {k^ in the salt 
solution, the galvanoscope indicates a current in the wire circuit 
from K to A. Now, in order that the bivalent ion Sn" may become 
^quadrivalent (Sn"") it must acquire two more positive charges and 
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this requires the addition of two chlorine ions. These are at once 
supplied by the mercuric or auric chloride. The metallic ions 
(Ilg or Au) deposit themselves on k^ and impart to the latter a 
positive charge, which, if conducted by means of the wire circuit 
k^ y is at the disposal of the Sn" ions. If free chlorine is added, it 
splits up into ions, as a result of which positive electricity is 
imparted to k^ and this flows through the wire circuit back to k^ 
and raises the potential of the Sn * ions. 

The precipitation of silver chloride according to the equation: 

NaCl + AgNO, = AgCl + NaNO,, 

can be made to produce an electromotive effect by laying a polished 
piece of sheet silver on each platinum electrode of the above 
apparatus and filling Z^ with sodium chloride solution and Z^ , as 
well as the siphon, with an equimolecular sodium nitrate solution. 
As soon as a crystal of silver nitrate is placed on the electrode k^ 
(in the nitrate solution) a current is detected. Previous to the 
introduction of the silver nitrate crystal both pieces of silver 
because of their solution tensions drive equal amounts of silver ions 
into solution, but equilibrium is very soon reached (§ 276). The 
crystal, however, has caused the formation, around the electrode 
k^^ of a concentrated silver solution, whose osmotic pressure far 
exceeds the solution tension of the metal. As a result silver ions 
are thereupon deposited on k^ and this electrode becomes positively 
charged ; this charge passes through the wire circuit to k^. The 
result of this is the sending of more silver ions into the salt solu- 
tion around i, , but their concentration very soon becomes so great 
that the solubility product of silver chloride is exceeded and the 
latter is precipitated on the silver plate in Z^. 

The fact that electrical energy can be obtained by the neutral- 
ization of sulphuric acid is capable of demonstration with the aid 
of the same apparatus. To this end a ^-normal sulphuric acid is 
introduced into Z^ and a ^-normal potassium sulphate solution 
into Z^ and the siphon. If a large piecQ of palladium foil (about 
4 cm^) that has been saturated electrolytically with hydrogen is 
placed on the platinum disk of the electrode ^•, and touched for a 
few moments with a stick of caustic potash, bubbles of hydrogen 
will rise from the platinum plate of the other electrode {k^ and 
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the needle of the galyanoscope will indicate the passage of a 
powerful current outward from k^. The hydrogen of the palla- 
dium foil sends positive ions into the solution, which, however, 
forthwith unite with the OH-ions of the potassium hydrate to form 
neutral water. By the emission of these positive ions i, acquires 
a negative potential, which flows out through the external circuit 
to k^. The hydrogen ions of the sulphuric acid surrounding this 
electrode are thus afforded an opportunity of discharging them- 
selves against this negative charge so that hydrogen is given off in 
the free state. 

In the combination of chlorine (or oxygen) and hydrogen 
chemical energy can also be transformed into electricity. To 
accomplish this, two tubes sealed at the top and fitted there with 
platinum electrodes, reaching almost to the open end of the tubes, 
are filled, one with hydrogen and the other with chlorine (oxygen) . 
and inverted in dilute sulphuric acid. On connecting the elec- 
trodes by a wire a strong current traverses the circuit. The gases 
absorbed in the platinum electrodes drive their ions into the sur- 
rounding liquid, making the H-electrode negative and the C1(0)- 
electrode positive. The ions of hydrogen and chlorine dissolve 
in the dilute sulphuric acid, however. This apparatus is called 
Grove's gas b a 1 1 e r y and was known long before a satisfactory 
explanation of it could be given. 

In conclusion we may cite a case where a current is obtained 
by the partial discharge of ions. If a piece of sheet iron is intro- 
duced into a sodium chloride solution from above and a similar 
piece of platinum is laid on the bottom, a galvanoscope inserted 
in the circuit between the inetals shows no current; but if the 
platinum at the bottom is surrounded by ferric ions by dropping 
in a little solid ferric chloride, a current is immediately formed. 
The ferric ions send through the wire one-third of their (positive) 
charge to the iron plate and this enables the iron to keep on send- 
ing ferrous ions into the liquid until all the ferric chloride added 
has been converted into ferrous chloride. 

It is characteristic of all those various cells that the react- 
ing substances are separate from each other. In the oxidation of 
stannous chloride by mercuric chloride the latter was not put in 
the vessel with the stannous chloride but in the other; in the pre- 
cipitation of silver chloride the silver nitrate was not put with the 
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sodium chloride solution but with the sodium nitrate solution, and 
do on. The reaction took place only because one sort of ions 
transferred their electrification wholly or in part through the wire 
circuit to the other electrode, where it either converted atoms into 
ions or raised existing ions to a higher potential or, possibly, 
changed ions of opposite potential sign to neutral atoms. 

Since we know that chemical reactions can under suitable con- 
ditions produce an electric current, we can, conversely, regard the 
existence of such a current as an indication of the occurrence of a 
chemical reaction. Cohen has made use of this fact in determining 
electrically the transition -points of hydrous salts and other systems. 
Let us take, for example, a salt which loses its water of crystalliza- 
tion at a definite temperature, e.g. Glauber's salt, NajSO^-lO aq; 
this has a transition-point at about 33"", where the anhydrous salt 
becomes capable of permanent existence. Now it is possible for the 
anhydrous salt to remain in contact with its saturated solution in 
an unstable condition after the system has been cooled a few 
degrees below 33°; the reverse is also true of the hydrous salt. 
Since these solutions are in contact with different solid phases 
(one with Na,S0^.10H,0 and the other with Na,SO,) they do not 
have -the same concentration; at the transition-point, however, 
these concentrations become equal, for, since both solid phases are 
in contact with the solution in each case, the solubility has become 
the same. In his electrical method Gohek uses the difference in 
concentration of the solutions which are saturated in respect to 
the two solid phases to form a galvanic cell. This can be done 
as follows : In the bottom of each of the cylinders A and B (Fig. 
79) there is a little mercury. A platinum wire is fused into each 
cylinder and the two are connected by means of a metallic wire. 
On top of the mercury is some insoluble mercurous sulphate; above 
this in -4 is a paste of Na,SO^ • 10 aq and water, in £ is a similar mix- 
ture of water and Na^SO^. Below the transition-point the solution 
in 5 is in the unstable condition and more concentrated than that 
in Ay which is stable. The result is that sodium ions diffuse 
through the siphon from the concentrated to the dilute solution, 
while at the same time an equivalent amount of SO^-ions in B 
combines with part of the mercury to form mercurous sulphate, 
the negative charge of the sulphate ions being transferred to the 
mercury remaining. Thus an electric current is produced, which 



Digitized by VjOOQ IC 



ELEGTR0CHEMISTR7. 



389 



passes through the wire circuit from the dilute to the concentrated 
solution. Its direction and intensity can be determined by insert- 
ing a galvanometer in the circuit. 

Now, suppose that the whole apparatus is gradually warmed; 
the concentrations in A and B will approach each other as the 
temperature nears the transition-point and at this point they 
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Fig. 79. 



become equal. The intensity of the current will therefore decrease 
steadily till the transition-point is reached, when it is zero. If 
the temperature is raised still higher the solution in A will become 
unstable and more concentrated than that in B, which latter will 
then be the stable solution; as a result the direction of the current 
will be reversed. In this way it is possible to determine the 
transition-point very accurately. 

278. As was remarked in § 276, the electromotive force which 
can be obtained from chemical reactions depends in large measure 
on the solution tensions of the metals. A knowledge of the latter , 
is therefore of very great importance. It can be acquired with the 
aid of the equation previously given: 

B= — I—; 
n p 

Ey the difference of potential between a metal and the aqueous 
solution of one of its salts can be measured. All the other quan- 
tities of this equation are known with the exception of P, which 
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can therefore be calculated. The following brief table indicates 
some of the results for different metals : 



Metal. 


Valence. 


Solution-tension P 
ill Atmospheres. 


Quantity (in Jr^am^) of the Metal 
in 1 Liter Sul|>i. me Solution 
necet«ury to c« nipt* nsate F, 


Mg 
Zn 
Cd 
Fe 
Pb 
Cu 

Ag 


2 

2 
2 
2 
2 
2 
1 
1 


0.115 X 10** 
1.786 X 10« 
0.599 X 10^ 
1.068 X 10* 
1.950 X 10 -« 
2.228 X 10-" 
2.178 X 10-" 
0.567 X 10-»« 


1.288 X 10*» 
0.520 X 10» 
8.166 X W 
2.676 X 10* 
1.805 X 10-1 
0.818 X 10 -» 
0.890 X 10 -w 
0.547 X 10 -» 



The above figures show how enormously the solution-tension 
may differ in different substances. For magnesium and zinc it is 
many millions of atmospheres, for copper, mercury (ous), and 
silver extremely small fractions of an atmosphere. The amount 
of sulphate which would have to dissolve in order to produce an 
osmotic pressure of the cations exactly as great as the solution- 
tension, is seen to vary between similar extremes; it is indicated in 
the last column of the table and was calculated from the equation 
PV = liT, in which P is taken as the solution-tension, Fas the 
volume in which one equivalent of the metal must be present, R 
as the gas constant, and T as the absolute temperature. It is thus 
impossible to prepare a zinc solution concentrated enough to 
prevent the metal from driving zinc ions into the solution, while 
in the case of copper even an extremely dilute solution of one of 
its salts would be sufficient. Despite the comparatively large 
errors in the above data, due to the difficulty of determining the 
potential difference between the metal and its salt solution, the 
order of the decimal expressing the value of P can be accepted 
as reliable in each instance. 

Some of these differences of potential are as follows: 



Mg/MgSO* 


= 


+ 1.248 


Zn/ZnSO* 


= 


+ 0.521 


Od/OdSO* 


= 


+ 0.158 


Fe/FeSO« 


= 


+ 0.078 


Pb/Pb acetate 


= 


- 0.089 


Cu/CnS04 


= 


- 0.582 


Ag./Ag,S04 


= 


- 1.024 
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The algebraic sign of these differences of potential can be 
directly determined from the solution-tensions. The electrolyte 
in which zinc is immersed must assume a positive potential and 
the metal itself a negatiye potential, because no zinc solution can 
be concentrated enough to hinder the emission of (positive) zinc 
ions by the metal. On the other hand, copper must become posi- 
tive in respect to a copper solution, for even in the most dilute 
solutions the osmotic pressure of the copper ions is greater than 
the solution-tension of the metal. 

279. A knowledge of the electrochemical series of the metals 
in electrolytes is of great practical value. Wherever combinations 
of various metals, alloys, metallic crustations, etc., are exposed to 
atmospheric action there is an opportunity to form cells of short 
circuit. In general, the metal with the greatest solution-tension 
goes into solution and the other remains intact. A piece of 
galvanized (zinc-plated) iron wire does not rust, even in those 
places where the plate has been worn off, as much as if it were not 
zinc-plated. The contrary phenomenon that tinned iron rusts 
faster than iron alone is also due to galvanic causes. If our hypoth- 
esis is correct the atmospheric moisture adhering to the metal 
must act as an electrolyte with the combination zinc-iron in such a 
way that iron becomes the dissolving (negative) electrode. Iron salts 
must therefore be formed and then transformed into rust by the loss 
of carbonic acid. The following experiment confirms this view. 
Kods of iron and tin are brought in contact by a wire which con- 
nects with a galvanometer. If the metals are dipped in water, into 
which air and carbonic acid are passed and to which is added a trace 
of sodium chloride (which always floats in the air and is washed down 
by the rain), the needle is deflected. The iron is found to be the 
anode and in the course of an hour a thin yellow coating of rust 
is to be observed on it. Sheet iron is tinned, as is well known, to 
prevent it from rusting (§ 199). If the tin plating is scratched 
off at any place so as to expose the iron, the latter begins to rust 
very rapidly, more so even than if it were not tinned. Galvanized 
iron, however, does not show a trace of rust where the plating has 
been damaged. 

280. An ion can only go out of solution when a force greater 
than the solution-tension acts on it, just as electrically neutral 
molecules cannot crystallize out of a solution until its osmotic 
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pressure exceeds that of the saturated solution. The removal of 

an ion can be brought about by the action of an electrical force. 

This is the real principle of electrolysis. The separation of an 

ion from a solution thus requires a definite electromotive force, 

UT P 
which must be equivalent to — I— (see above) and must therefore 

be stronger as the solution-tension is greater and the osmotic 
pressure of the ions smaller. But since electrolysis takes place 
simultaneously at both the anode and the cathode, the total force 
E which is necessary for an electrolysis can be found by taking 
the sum of the forces necessary for the separation of the cation and 
the separation of the ion, thus : 

»i Pi w, p. 

Since it is always the case that various sorts of anions and cations 
are present together in a solution, electrolysis can thus take place 
when E has become large enough to separate out one of the varie- 
ties of cations and^one of the varieties of anions present. 

This is the basis of a method of utilizing various electromotive 
forces to effect an electrolytic separation of metali. It is not the 
current strength which is of primary importance to the electrolytic 
process (as was formerly supposed), but the difference of potential 
between the electrodes. A very successful example of this method 
is the separation of copper from zinc. With a weak current it is 
possible to precipitate only the copper from a solution containing 
ions of both metals; if the current is strengthened, zinc also is 
separated. 

In many cases the ions of the water are more easily separated 
than those of the dissolved electrolyte. In the electrolysis of 
potassium hydroxide, for example, OH-ions are liberated at the 
anode (they are at once decomposed, however, into water and 
oxygen); at the cathode it is not potassium ions but hydrogen 
ions (in spite of their extremely small concentration) which are 
discharged, since the solution-tension of hydrogen is much less 
than that of potassium. 

281. The dissociation tensions j^ for various ions are given 
below. The figures are based on normal solutions. 
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E, (Cations). 


£•, (Anions) 


Ag — 0.771 


V - 0.520 


Ca - 0.829 


Br' - 0.998 


H 0.0 


0" - 1.08 


Pb + 0.U8 


Cr - 1.417 


Cd -h 0.420 


OH' - 1.68 


Zi 0.770 


SO4 " - 1.9 




HSO4' - 2.6 



The dissociation tension of hydrogen is fixed at zero m the 
above table. Inasmuch as there is always an anode and a cathode, 
it is possible to subtract from all the values of F^ an arbitrary but 
constant amount and add it to the values of E^ , without affecting 
E ={Ei + E^). The symbol 0" represents a secondary ionization 
product of the hydroxyl ion : 

OH' = 0" + h; 

which, according to Nernst, we are obliged to assume, although 
only to an extremely small degree. 

These figures lead us to important results. In the firsi place 
they enable us to know at once the dissociation tension of any 
combination of ions. Zinc bromide, for instance, will require 
0.993 -|- 0.770 = 1.763 volts for its electrolysis; when the concen- 
tration of the ions is normal,* the electrolysis of hydrochloric acid 
will require 1.417 + = 1.417 volts, and so on. It is also obvious 
that it must be easy to separate silver from copper elcctrolytically, 
since the difference of their dissociation tensions is almost 0.5 volt. 
It also appears theoretically possible to separate electrolyticully 
iodine from bromine and bromine from chlorine. 

The order of the metals in the above electrochemical series is 
the same as that in which one metal is precipitated from its solu- 
tion by the succeeding ones. As soon as a trace of the dissolved 
metal is deposited on the other one, the two metals form with the 
liquid an element, which electrolyzes the surrounding solution. 
The formula 

n p 

tells us, however, that the values of E depend not only on the 
solution tension but also on the osmotic pressure of the cations. 
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Very decided changes in the concentration of the salt solution 
would make the order of the metals a diflferent one. For instance, 
it would be possible to conceive a case in which lead would not be 
precipitated by cadmium. 

The electrochemical series of the anions also brings out impor- 
tant relations. Bromine must quickly liberate iodine from iodide 
solutions and chlorine quickly liberate bromine from bromide solu- 
tions because of the marked difference in their dissociation ten- 
sions. We see, further, that chlorine must be able to generate 
oxygen in acid solutions, but not so with bromine or iodine. It is 
also known, however, that the generation of oxygen by chlorine 
proceeds with extreme slowness, in sharp contrast to the rapidity 
with which chlorine deprives bromine of its negative charge : 

CI, + 2Br' = Br, + 2C1'. 

This is not surprising in the light of the above considerations, for 
the chlorine, in order to enter the ionic condition, must make use 
of the ion 0", of which there is only an extremely small amount 
present. The hydroxyl ion OH', which is present in relatively 
much larger amount and which after the loss of its negative 
charge would also yield a quantity of oxygen equal to that of the 
chlorine, holds its charge more than 0.3 volt firmer than the 
chlorine ion in acid solution. 

The application of electrolysis to commercial processes is 
referred to in connection with the substances concerned (</. 
§§ 223, 226, 242, 245, 248, and elsewhere). 

BOEOH. 

282. This element occurs in nature as horcuty Na,B^O, , and in 
boric acid, H,BOj. It can be obtained in the elemental state by 
the reduction of boric anhydride, B,0,, or borax by means of 
magnesium powder. The product is extracted with boiling water 
and hydrochloric acid and then treated with hydrofluoric acid or 
fused with borax. After another treatment with boiling water the 
pure element is left as a chestnut-brown amorphous powder having 
a specific gravity of 2.45. It is insoluble in the ordinary solvents 
and does not melt even in the electric arc. 

It dissolves in molten aluminium and crystallizes out on cooling 
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in transparent, slightly colored crystals, having a lustre, refractive 
power and hardness not far below that of diamond. These 
crystals contain more or less aluminium and carbon as impurities. 
This crystallized modification is much less readily attacked 
by chemical agents than the amorphous variety. 

Amorphous boron takes fire in fluorine and chlorine, 
uniting with them directly. When ignited in the air it burns to 
the oxide B,0,. At a very high temperature it combines with 
nitrogen to form boron nitride, BN. It reduces many compounds, 
such as CuO and PbO, and decomposes water at red-heat. Heat- 
ing with nitric and sulphuric acids converts it into boric acid. It 
is also attacked by boiling caustic alkalies (like aluminium) : 

23 + 2K0H + 2H,0 = 2KB0, + 3H,. 

Boron hydride.— When boric anhydride is reduced with an 
excess of magnesium powder, magnesium boride, Mg,B,, is formed. 
The latter on being added to hydrochloric acid generates an ill- 
smelling gas consisting of hydrogen and a little boron hydride. 
This gas mixture burns with a green flame. By cooling with 
liquid air Ramsay and Hatfield obtained from it a gas BjH,: 
probably the mixture also contained BH,. 

Halogen Compounds. 

Boron chloride, BCl,, can be prepared by direct synthesis or 
by heating a mixture of boron trioxide and charcoal in a current 
of chlorine, that is, by the same process as that by which silicon 
chloride (§ 192) and aluminium chloride can be prepared. Boron 
chloride boils at 17''. Its vapor density indicates the above 
formula. Water breaks it up into hydrochloric and boric acids; 
it was with the aid of this reaction that the composition of the 
compound was determined. 

Boron fluoride, BF,, is formed, like silicon fluoride (§ 193), 
when the oxide is warmed with a mixture of calcium fluoride and 
sulphuric acid : 

B,0, + 3CaF, + 3H,S0, = 2BF, + 3CaS0, + 3H,0. 

It is a gas, of which water dissolves 700-800 volumes. A solution 
of this concentration fumes in the air. On dilution boric acid 
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separates out after some time; hydrofluoboric acid, HF-BF,, i« 
left ill the solution. This acid cannot be isolated in the free 
state, but various salts of it are known. It thus displays a very 
close analogy to silicon fluoride. 

Oxygen Compounds of Boron. 

Boron oxide, B^O, , boric anhydride, is obtained as a vitreous 
mass by igniting boric acid. It is very hygroscopic and is recon- 
verted by the absorbed water into boric acid. With hydrofluoric 
acid it forms boron fluoride. The oxide is volatile only at elevated 
temperatures. 

283. Borio acid, H,BOj, is found in the volcanic districts of 
Tuscany, where jets of steam (the springs are called "fumaroles'' 
and the jets proper *' 8affio7ii'') containing a little boric acid issue 
from the earth. The steam is conducted into water in which the 
boric acid is retained. When this liquid reaches a certain concen- 
tration, it is allowed to settle, whereupon it is piped ofif into a very 
long, flat leaden pan, which is warmed to about 50-60° by other 
soffioni. At this temperature the boric acid volatilizes but very 
little with steam and when the concentration has become great 
enough it crystallizes out. It is purified by converting it into 
borax, which is recrystallized and then decomposed by hydrochloric 
acid, setting free boric acid. 

Boric acid crystallizes in lustrous laminae, which feel greasy and 
are difficultly soluble in cold water (about 3^ at ordinary tempera- 
tures). This solution acts as a weak antiseptic, for which purpose 
it is frequently used. At 100° boric acid loses 1 molecule llfiy 
passing over into metaboric acid, IIBO,. At 140° tetraborio acid.. 
II,B,0^ (= 4B(0H), ~ 511,0) is formed, the sodium salt of which 
is borax. 

No salts of the normal boric acid, B(OH),, are known but 
metaboric acid forms several. They are unstable and are converted 
by carbon dioxide tnto salts of tetraboric acid : 

4NaB0, + CO, = l^a,B,0, + Na,CO,. 

The best-known salt of boric acid is borax, Na,B^O, + 12H,0, 
often called tmkaU At present most of the borax on the market 
is made by boiling colemanite^ Ca,B30jj-5aq, (found in California,) 
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ivith soda. Borax swells greatly on heating; this is due to the 
€8cape of water of crystallization from the semi-molten salt. On 
continued heating it forms a vitreous mass. This glass has the 
property of dissolying metallic oxides, some of which give double 
borates of a characteristic color; hence its use in qualitative 
jinalysis. The same property makes it valuable in soldering; 
solder adheres only to the untarnished metal, so a little borax is 
placed on the surface of the metal and heated with the soldering- 
iron in order to remove the rust. The dissolving of metallic 
oxides is easily understood, when we write Na^B^O, as 2NaB0, + 
B,0,; it is the boric oxide, B,Oj, which can be regarded as com- 
bining with the metallic oxides to form salts. 

Boric acid is a weak acid; its salts are therefore hydrolyzed 
quite perceptibly — more so as the dilution increases. This can 
be illustrated by a simple experiment devised many years ago by 
Rose. To a concentrated solution of borax some litmus is added 
«nd then acetic acid until the litmus is. just red; if the liquid is 
then diluted, it turns blue because the alkali is set free and boric 
acid has scarcely any effect on litmus. 

ALUMIHIUM. 

284. This metal does not occur native, but in combination it 
is found in large quantities and very widely diflhised. Corundumy 
including the precious stones sapphire and oriental ruby and the 
natural abrasive emery (all noted for their hardness), consists of 
alumina A1,0, , colored by traces of other oxides. Bauxite is a 
hydrate of aluminium and iron. Clay and kaolin (China clay) are 
principally aluminium silicate. Many other minerals, such as 
feldspar y micay etc., contain it as a base. A peculiar aluminium 
mineral, cryolite or ice stone, 3NaF.AlF,, is found in Greenland. 

The metal can be obtained from the chloride by reduction 
with sodium but at present it is produced exclusively by decom- 
posing aluminium oxide with the electric current. 

The most important commercial process is that of Hall 
(invented independently in Europe by Heroult). Alumina is 
dissolved in a fused bath consisting of cryolite or an equivalent 
mixture. The process is carried out in a large carbon-lined pot, 
the inner surface of which constitutes the cathode. Carbon rods 
immersed in the bath serve as the anode. Fresh alumina is added 
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from time to time and the metal is drawn off at the bottom 
periodically. The temperature is a little above the melting-point 
of cryolite. A current of several thousand amperes and less than 
8 volts maintains the liquidity of the bath as well as effects the 
electrolysis. 

The increased output due to improved methods has brought 
the price of the metal down from over $90 per pound in 1856 to 
about $0.30 in 1902, and the production is steadily increasing. 

Aluminium is a silvery-white metal of low specific gravity 
(2.583). It is very ductile and malleable and fuses at about 700°. 

It is permanent in the air, since it soon becomes coated with a 
firm thin layer of oxide. Small fragments bum with a bright 
light when heated in an oxygen atmosphere. It is not attacked 
by dilute nitric acid at ordinary temperatures and only slightly so 
by dilute sulphuric acid. Hydrochloric acid dissolves it readily, 
as does also caustic potash, hydrogen being evolved and a 1 u m i - 
nates formed in the latter case. 

Before the efforts of Deville to bring about its preparation on a large 
scale were rewarded (1850) and before its properties were well known, 
great expectations were centred in this ** silver out of clay." It was 
thought that if it could be cheaply prepared, it would displace the other 
metals and even compete with iron. Although the metal can now be pro- 
duced at a really low price, those expectations are far from being ful611ed. 
This is undoubtedly due in large measure to the properties of the metal; 
its softness, inability to stand heavy strains or to resist the action of alka- 
lies (soap) and acetic acid greatly depreciates its supposed value. The 
cause of these disappointing facts lies partly, however, in slight impurities 
which are present in the commercial grades and seriously affect the prop- 
erties of the metal. To this we may attribute the great difference of opin- 
ion in regard to its utility. A trace of nitrogen or carbon, for instance, 
greatly impairs its tensile strength ; if traces of sodium are present, it is so 
readily attacked by water that the latter eats holes in sheets of the metal, 
although the pure metal is unaffected by water. However, aluminium bids 
fair to find extensive use in electrical work and lithography and for 
various purposes where lightness is important. 

Various alloys of aluminium have also found a place in the arts. 
Among them mention may be made of aluminium bronze, which 
consists of copper and 5-12^ aluminium. It can be easily cast and has a 
golden color and lustre. Its great firmness and elasticity render it valuable 
for physical instruments (balance beams) and watch springs. New alloys 
of aluminium are being constantly brought on the market : there is one with 
magnesium called magnalium and another with tungsten, for example. 
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Aluminium reduces many oxides (Goldschmidt) with a vigor- 
ous evolution of heat (§ 293). The reduction proceeds of itself 
after it has been started at a certain place in the mixture. For this 
purpose a primer is used consisting of a mixture of oxygen-producing 
substances, such as KCIO,, etc., and a piece of magnesium ribbon, 
which is ignited with a match. The heat that is thus evolved is 
used to heat iron bolts to white-heat and also for welding railroad 
rails, etc. The latter is accomplished by packing the rails in a mix- 
ture of iron oxide, sand, and aluminium powder together with a 
special sort of cement for making it compact. When this mass is 
ignited it continues to burn and heats the rails to glowing. 

An amalgam of aluminium is easily prepared by introducing 
aluminium filings into a \^ solution of corrosive sublimate. This 
amalgam decomposes water energetically at ordinary temperatures, 
liberating hydrogen and forming aluminium hydroxide. As 
neither basic nor acid substances go into solution, it is a neiitruJ 
reducing agefit. The cause of this energetic reaction is due to the 
circumstance, that the mercury hinders the formation of a thin 
firm coating of oxide over the surface of the metal, which would 
othei'wise protect it from further oxidation. 

Compounds of Alomininm. 

285. The only known oxide of aluminium is alumina, Al^O,, 
which is formed on heating aluminium salts or the hydroxide. It 
is a white amorphous powder, readily soluble in acids; however, 
after it has been strongly ignited it is no longer soluble and must 
then be disintegrated by fusion with potassium hydroxide or acid 
potassium sulphate. It is found crystallized in nature (§ 284). 

The ruby and the sapphire can be prepared artificially by fusing the 
amorphous AUOs with lead oxide at bright red heat in a Hessian crucible. 
The silica of the crucible then acts on the lead aluminate, PbO- AUOs, pri- 
marily formed, setting free the alumina in beautiful crystals, exactly sim- 
ilar to the natural gems. The addition of a little potassium bichromate to 
the fused mass gives the crystals the same color as the active ruby; cobalt 
oxide produces sapphire. 

Aluminium hydroxide, AljO, + tiEfi, is deposited as a hy- 
drogele (§ 195) when a solution of an aluminium siilt is treated 
with ammonia. In the decomposition of the aluminates it is 
obtained as a white powder. A hydrate with a low percentage of 
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water, A1,0,«2H,0, bauxite, occurs in France and different parts 
of the United States in large deposits. Aluminium hydroxide is 
both weakly acidic and weakly basic in character. Its salts with 
acids suffer partial hydrolysis in aqueous solution and hence react 
acid (g 239). It dissolves in alkalies to form alummates, such as 
AlOjK, AlOjNa and AlOjNa,, they are deposited in the amor- 
phous state when alcohol is added to their aqueous solutions. 
They are decomposed by atmospheric carbonic acid. 

Aluminium hydroxide is insoluble in water but dissolves in 
a solution of aluminium chloride. By subjecting this solution 
to dialysis, it is possible to get rid of the hydrochloric acid 
(which is present because of hydrolytic dissociation) entirely, and 
thus obtain a colloidal solution of the hydroxide. Aluminium 
hydroxide does not form salts with weak acids. 

Aluminiom chloride, AlCl, , is most conveniently prepared by 
passing dry hydrochloric acid gas over aluminium filings in a tube 
of porcelain or glass and collecting the sublimed product in a 
wide-mouth bottle (see Fig. 80). After the tube has been heated 
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Fig. 80.— Preparation of Alumikium Chloride, gl HE 
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to a sufficiently high temperature to start the reaction^ no further 
heating is required ; however, it is more practicable to continue 
heating in order to collect the chloride in the receiver. 

Aluminium chloride is very hygroscopic. The aqueous solu- 
tion hydrolyzes so readily, depositing alumina, that it can only be 
preserved by the addition of an excess of hydrochloric acid. Such 
a solution does not yield aluminium chloride on evaporation since 
it decomposes completely into the hydroxide and hydrochloric 
acid on account of the continued removal of the latter dissociation 
product. The vapor density of the chloride up to 400° corre- 
sponds to the formula Al.Cl,, above 760'' to Aid,. With the 
chlorides of potassium and sodium, aluminium chloride forms 
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€om])ound8 such as A1C1,-KC1, whose solutions can he evap- 
orated without decomposition. Compounds such as AlClj-PCl,, 
A1C1,-P0C1,, etc., haye also heen prepared. In organic chemistry 
anhydrous aluminium chloride is of great value in synthetical work. 
Aluminium sulphate, A1,(S0 J, -1611,0, is obtained by treating 
clay with concentrated sulphuric acid ; the product is dissolved in 
water and allowed to crystallize. Aluminium sulphate unites with 
the alkali salts to form double salts of the general type: 

X III 

R,S0,.R',(S0J3 + 24H,0, 

which are known as alums. R may be either E, Na, NH^ , Gs, 
Rb, Tl, or an organic base; R' may be Fe (ic) or Cr, instead of Al. 
The alums all crystallize in octahedrons and cubes, which often 
grow to large dimensions; they form mixed crystals readily. 
Ordinary alum (potassium alum) is used as a mordant in dyeing 
(Organ. Chem., § 357) but it is being gradually superseded as such 
by aluminium sulphate and sodium aluminate. In the vicinity of 
Rome the mineral ainnite, or alum stone, is found, whose com- 
position is K(A10),(S0J,; from it a much sought variety of alum 
is made. Alum is also made from cryolite, etc. 

'WTien two salts combine we may have either of two results : 
the new salt which is formed gives ions in dilute aqueous solution 
that differ from those of the two salts, or it gives the same ions. 
A good example of the former case is yellow prussiate of potash ; 
it gives neither ferrous ions nor cyanide ions, so that it must be 
regarded as K^(FeCy,). Such salts are termed complex. The 
second case is illustrated by the alums. A dilute alum solution 
exhibits all the reactions which characterize its components and 
its conductivity is the mean of the two separate salts for the same 
concentration. When the union is of this sort we have what is 
called a double salt. Between the two kinds there are salts of 
an intermediate nature which form not only complex ions but also 
the original ions to a greater or less extent. The copper-ammonia 
compounds (§ 244) behave in this way. 

286. Aluminium silicate, kaolin, is formed in nature by the 
weathering of the numerous alkali-alumina double silicates, the 
alkali silicate being dissolved out leaving the insoluble aluminium 
silicate. Clay is aluminium silicate ; it is usually colored brown 
by iron oxide. It is the essential raw material of the ceramic 
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industrieB, being used for rough bricks and the finest chinaware; 
of course the better grades require better sorts of clay. Bricks are 
molded out of ferruginous and calcareous clays (loam) and then 
baked (** burned^' or ** fired ^') till they become firm. Under the 
head of earthenware, or porous ware (faience, majolica, etc., and 
common crockery) we understand all articles which consist of 
burned clay (frequently mixed with quartz), lire porous and display 
an earthy fracture and which are covered with a glaze of easily 
fusible silicates. The glaze is produced by introducing salt into 
the kiln. The hot steam causes the formation of hydrochloric acid 
and sodium hydroxide, which unite with the clay to form sodium 
aluminium silicate. In porcelain the pores of the earthen mass 
are completely filled with fused silicate, as a result of the addition 
of feldspar and quartz before the burning. The less of such 
admixtures is present, the more difficult the porcelain is to bum 
and the less sensitive it is to changes of temperature. 

Clay is the most widely diffused refractory material; it 
resists not only high temperatures and sudden changes of tem- 
perature, but chemical action as well. 

Ultramarine is a very beautiful blue pigment, which is prepared arti- 
ficially by heating a mixture of clay, soda, sulphur and wood charcoal in 
the absence of air. It occurs in nature as lapis Icundi, It is usually re- 
garded as a compound of sodium aluminium silicate with polysulphides of 
sodium This is indicated by the fact that it is attacked by acids with the 
evolution of hydrogen sulphide, and the disappearance of the color, while 
it is unaffected by alkalies. It is still uncertain what substance gives the 
pigment its blue color. 

OALUTJM, nrDIUK, THALLITJM. 

287. The existence of gaUium was predicted by MENDBLiETF (§ 217) in 
the same manner as that of germanium. The hypothetical eka^luminiiun 
was discovered in 1875 by Lecoq de Boisbaudran in a zinc blende by 
means of spectral analysis. Its spectrum consists of two violet lines. 
It is a very rare element. The metal is white, melts as low as 80" and 
has a specific gravity of 5.9. It is only superficially oxidized by the air 
and is not attacked by water. Like aluminium it is only slightly affected 
by nitric acid but dissolves readily in hydrochloric acid as well as ammonia 
and potassium hydroxide. It forms alloys with aluminium, which, when 
the proportion of aluminium is small, are liquid at ordinary temperatures 
because of the melting-point depression of gallium, and decomposes water 
almost as readily as sodium. 

In its compounds, also, gallium displays much analogy with aluminium. 
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The hydroxide dissolves in alkalies ; the chloride, GaCU, fumes in the air 
like AlCIa and the solution yields hydrochloric acid on evaporation. 
ChilUiim lolphate gives an alum, Ga,(S04)a(NH4)«S04 + 24^1,0, with am- 
monium sulphate. Hydrogen sulphide precipitates gallium only from an 
acetic acid solution, in which respect gallium resembles zinc (§ 26&). 

Indium has already been referred to in the discussion of the periodic 
system (§ 216), so that it will be passed over here with a few words. It 
-was discovered through its spectrum, a blue line. This element, too, occurs 
Tery rarely, being found in certain blendes. The metal is white; m.-pt., 
176°; sp. g., 7.42. It is permanent in the air; heated to a high tempera- 
ture it burns with a blue flame to the oxide, InaOs. The chloride luCIs is 
hygroscopic; its aqueous solution does not decompose on evaporation. The 
lulphate forms an alum with ammonium sulphate. The hydroxide dissolves 
in alkalies. 

288. Thallium is the most common of these three elements, notwith- 
standing it always occurs in limited amounts. It is occasionally found in 
the Ahraum salts carnalliie and sylvite and frequently also in different 
native sulphides. When the zinc blendes are roasted in sulphuric acid 
factories the thallium goes off with the fumes and settles in the flue dust 
and chamber mud. From these deposits it is obtained by boiling with 
dilute sulphuric acid and precipitating with hydrochloric (or better hydri- 
odic) acid, whereupon the sparingly soluble TlCl (Til) is deposited. This ele- 
ment was also discovered with the spectroscope (Crookes) ; its spectrum is 
a bright green line. 

Thallium is a soft metal, about like sodium, and has a bluish color like 
lead. Sp. g., 11.8; m.-pt., 290**. In moist air it oxidizes, very rapidly at the 
surface ; but it does not decompose water at ordinary temperatures. 
When heated it burns with a beautiful green flame. Sulphuric and nitric 
acids dissolve it readily but hydrochloric acid acts very slowly because of 
the slight solubility of the chloride. 

There are two sets of compounds : the thallotis compounds, derived 
from the oxide TUO, and the thallic compounds, from the oxide TlsOa. 
The former resemble those of the alkalies and silver very much. This sim- 
ilarity shows itself, for instance, in the solubility of the hydroxide and of 
the carbonate, whose solutions react alkaline. Moreover many thallium 
salts are isomorphous with potassium salts and, like the latter, give 
double salts with platinum chloride, e.g., TUPtClc. Farther there is an 
alum TUS04-Als(SO«)a*24HsO as well as other double sulphates, e.g., 
TltS04 • MgS04 + 6HsO, which are analogous to the corresponding potassium 
double salts. On the other hand thallium resembles silver and lead in the 
small solubility of its halides (the iodide is the least, and the chloride the 
most, soluble), also in respect to the order of solubility of these compounds. 

In the thallic compounds the element is trivalent like the others of the 
group ; moreover, like the latter, they readily form complex salts, and 
undergo considerable hydrolysis when dissolved in water. 
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Summary of the Group. 

289. The five elements last considered, B, Al, Ga^ In, Tl, form 
a natural group, in which the last three display particular similarity 
to each other in their physical properties. Something analogous 
was observed with copper, silver and gold in the first group and 
with zinc, cadmium and mercury in the second group. The fol- 
lowing table affords a brief comparison of certain physical data. 





B 


Al 


Ga 


In 


Tl 


Atomic weight 


11 
3.45 
very high 


27.1 
2.58 
700" 


70 
6.9 
30" 


118 

7.4 
176- 


204.1 


Soecific flrrayity 


11.8 


IL eltiog-point 


390" 







Of the spectra of Ga, In and Tl it is again noticeable that the 
lines move towards the red end as the atomic weight increases 
(§ 265). 

As to their chemical nature it may be remarked that all the 
elements of this group are trivalent and that the basicity of their 
oxides increases with rising atomic weight; boron hydroxide (boric 
acid) has exclusively acid properties, but the hydroxides of the 
other elements, even Tl(On),, are also soluble in alkalies. As 
most of the lower oxides of the metals are more strongly basic than 
the higher oxides, it is not strange that thallous hydrate is a strong 
base. 

THE BABE EABTH8. 

290. In the middle of the periodic table (p. 284) are located a number 
of elements, which are classed under the term ** rare earths.'' There is 
still much uncertainty in regard to some of them, particularly as to their 
homogeneity, i.e., as to whether they are elements or mixtures. This is due 
in large measure to the great similarity between the elements and the con- 
sequent difficulty of separating them. The following are now accepted as 
elements: scandium (Sc), yttrium (Y), lanthan um (La), ytter- 
bium (Yb), cerium (Oe), erbium (Er), praseodymium (Pr), 
neodymium (Nd) and samarium (Sa) ; we may also mention ter- 
bium, thulium and holmium (the last three are not included in the table 
of atomic weights, see p. 34). 

These elements occur in various rare minerals which have been found 
principally in Sweden and Greenland, viz., cerite^ gadolinUe^ euacenite, 
arthitey etc. 
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Since the use of the oxides of cerium and thorium in the incandescent 
gas-light of AuER yon Welsbach has created a demand for them, minerals 
in which the rare earths occur are being ardently sought. The interesting 
fact has developed that they are by no means so *' rare" as was supposed. 
An especially rich source of these earths has been found in monazUe sand, 
which occurs in quite large quantities in the United States (production in 
1900 908,000 lbs.)» Canada and Brazil. It consists chiefly of a phosphate 
of Ca, La, Di, Y and £r with Tariable amounts of thorium silicate and 
thorium phosphate. 

In order to isolate the rare earths from these minerals the latter are 
powdered very finely and heated to faint-red heat with concentrated sul- 
phuric acid. Thus the rare earths are changed into sulphates and the 
silicic acid converted into the insoluble condition. The sulphates are then 
taken up in ice-water, in which they dissolve much more readily than in 
warm water (since a difficultly soluble hydrate is formed at a higher temper- 
ature). From this cold solution they can be precipitated with oxalic acid, 
their oxalates being almost insoluble even in dilute acids. Thus they are 
freed from Ca, Fe, etc. The oxalates are then converted into oxides by 
heating. 

The separation of these oxides is a more difficult task. Various 
methods are in nse. The insolubility of the sulphates of cerium, lanthanum 
and didymium in a saturated sodium sulphate solution (by reason of the 
formation of double salts) is made use of to separate them from erbium, 
ytterbium and yttrium. The nitrates of the various metals of this group 
differ markedly in their stability on heating; hence another method of 
separation has been devised, by which nitrates are decomposed one after 
another by heating and those that remain undecomposed after each suc- 
cessive heating are extracted with water. A third method is the fractional 
precipitation of the solutions with ammonia. Farther, by fractional pre- 
cipitation with potassium chromate (the insoluble neutral chromates being 
deposited) separations can be accomplished which are otherwise very diffi- 
cult. An important aid in these separations is the fact that the solutions 
of some of these metals (both didymium metals, erbium, samarium, etc.) 
give absorption spectra; it is thus possible to detect whether the separa- 
tion is complete. 

Some of the rare earths which have been more carefully studied will be 
described here briefly. 

Cerium occurs principally in cerite (as high as 60^). Its salts are color- 
less when pure and give no absorption spectrum (§ 263). To separate 
cerium oxide (ceria) from the oxides of lanthanum and didymium (the 
latter is a mixture of Pr and Nd) these oxides are warmed with an aqueous 
solution of chromium trioxide till all has dissolved. The resulting solution 
is then evaporated to dryness and heated to 110** for some time. Cerium 
chromate is thus decomposed, yielding ceria, CoaOs. If the mass is then 
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extracted with water, the chromates of lanthanum and didymium go into 
solution leaving the insoluble ceria. Another method is to treat the solu- 
tion with ammonium persulphate, when cerium only is precipitated as a 
basic eerie salt. 

The metal looks like iron and is quite permanent in the air. At an 
elevated temperature it takes fire. It forms two sets of salts, the cenms 
salts, which can be derived from the oxide CcsOs and are colorless, and the 
ce?'ic salts, derivable from CeO«, which are yellow or brown. Cerium is 
thus quadrivalent (as the existence of the fluoride CeF4 + HsO also indi- 
cates) and so belongs to the fourth group of the periodic system. When 
chlorine is passed into an alkaline solution of a cerous salt a yellow precip- 
itate of CeOa is obtained. 

Lanthannm can be separated from didymium by adding to their solution 
sodium hydroxide until the liquid no longer gives an absorption spectrum 
(see above). The precipitate then contains the didymium metals and a 
little lanthanum, but the liquid is free from the former. Lanthanum is 
only trivalent. Its oxide LasOa and its salts are colorless when pure. 

Didymium was formerly regarded as an element but Auer von Wels- 
BAGH succeeded in splitting it up into two components, called praseodyniiiim 
and neodymium. This can be accomplished by making use of the difference 
in solubility of their potassium double sulphates in a concentrated solution 
of potassium sulphate. The praseodymium salts are green and give green 
solutions; the neodymium salts have an amethyst color and give pink solu- 
tions. The absorption spectra of the two elements differ considerably. 

fleandinm is likewise a trivalent element. Its existence was predicted 
by MbndelI:eff, who called it ekaboron. Its tii valence places it in the 
aluminium group. Its hydrate Sc(OH)b is gelatinous but insoluble in an 
excess of alkali. 

Ytterbium. — The oxide YbsOs is the main constituent of erbia (obtained 
from euxenite and gadolinite), which also contains the oxides of scandium, 
yttrium, erbium, etc. Ytterbia (oxide) is obtained by fractional heating 
of the nitrate mixture (see above). The salts of ytterbium are colorless and 
give no absorption spectrum. 

The salts of umariam are yellow 'and have a characteristic absorption 
spectrum. 

TITANHTM, ZIBOOimrM AVB TEOBIirM. 

291. These uncommon elements are related to carbon and silicon in the 
same way as E, Rb and Cs are to Li and Na, and as Ca, Sr and Ba are to 
Be and Mg. Titanium and zirconium still give acid-forming oxides, while 
thorium only forms basic oxides. 

Titanium displays very close analogy to silicon ; it frequently occurs 
with the latter but always in a small amount. The element can be ob- 
tained by reduction of the oxide with aluminium. It is white, very hard 
and extremely refractory. Sp. g. 4.87. Titanium diozida, TiOa, occurs in 
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three crystal forms: rutUe^ anatase and brookite. Titanium ehloride, TiCU, 
is prepared by passing chlorine over a glowing mixture of charcoal and 
TiOa. It is liquid and fumes in the air because of decomposition by 
atmospheric water into HCl and Ti(OH)«. Titanio aeid, Ti(0H)4, separates 
out as a white amorphous powder when the hydrochloric acid solution of a 
titanate is treated with ammonia. This action is due to the weak basic 
character of ammonia and the weak acid nature of titanic acid; as a 
result the ammonium titanate is completely hydrolyzed (§ 239). Like silicic 
and stannic acids, titanic acid readily forms poly-acids (§ 195). It dissolves 
in alkalies to form titanates, which are also obtained by fusing TiOa with 
alkalies. On the other hand titanic acid dissolves in concentrated sulphuric 
acid; it then remains in solution even when poured into water, because 
the excess of sulphuric acid hinders hydrolytic dissociation. Higher as well 
as lower oxides of titanium are known. The lemon-yellow oxide TiOs is 
formed on treating the sulphuric acid solution of Ti(0H)4 with HtO« (§ 88). 

Zireoniam occurs in nature chiefly as zircon^ Zr6i04. Moissan obtained 
zirconium carbide, CZr, from this mineral directly by heating it together 
with sugar charcoal vigorously in an electric furnace (1000 amp. and 40 
volts) for ten minutes. The silicon volatilizes for the most part. If the 
carbide is treated with chlorine at dark-red heat, it is converted into the 
chloride. Zirooniam chloride behaves with water in the same way as TiCU 
and SnCh. The hydroxide, Zr(OH)« is precipitated by ammonia from acid 
solutions as a voluminous mass. It is insoluble in alkalies but on being 
fused with the latter forms salts such as NasZrO* and NaiZrOi, which are 
decomposable by water. The basic character of the hydroxide is apparent 
from the fact that it gives a sulphate. Zr(S04)9, with sulphuric acid, which 
can be recrystallized out of water. Zirconia, ZrOa, emits a very bright 
light when heated strongly and can therefore be used advantageously 
instead of lime in the Drummond light (§ 18). 

Tborinm is at present obtained mainly from monazite sand ; it is also 
found in the thorite of Arendal. The hydroxide Tb(0H)4 is insoluble in 
alkalies. The sulphate crystallizes with 9HaO. 

Thoria and ceria are the essential constituents of the iiiccmdescent gas 
liglit of A. VON Welsbach. A finely woven cotton '' mantle " is saturated 
with a solution of the nitrates of thorium and cerium, in which the two are 
contained in such a proportion that after ignition the ash contains 98-99^ 
thoria and %-\% ceria. When this ashen mantle is heated to incandescence 
by a Bunseu burner it gives out an intense light. This is apparently due 
to the fact that such an ash-mantle emits only a small proportion of red 
rays and rays of still greater wave length but mainly gives out rays of 
shorter wave length; hence, very little, if any energy is lost by the emis- 
sion of rays giving little light. However it is found that a mantle con- 
sisting of thoria or ceria alone or of the two oxides in a proportion different 
from the above produces very little light. So far as the ceria is concerned 
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this is due to its being present in such an excess that it cannot all be 
raised by the flame to full incandescence. An analagous phenomenon is. 
seen in an ordinary flame, which when smoking (i.e., when too much car- 
bon is present) gives less light than one which does not smoke. That it is 
not the thoria which emits the light is proved by the fact that a mantle 
consisting chiefly of ceria and containing only 1-2^ of thoria produces 
very little light. We must therefore suppose that in the mantles minute 
particles of ceria are spread out upon the very poor heat-conductor, thoria ; 
thus since their mass is small they are able to reach the high temperature 
at which they emit the desired bright light ; for the brightness of a flame 
increases with about the fifth power of the temperature. 

In the incaudescent electric light of Nernst the incandescent body 
(*' glower ") has the form of a wire rod, prepared from a mixture of rare 
earths (Zr, Tb, Yt, Ce, etc.) and glazed. Both ends of the rod are con- 
nected with the wires conveying the current. At ordinary temperatures 
the rod is a non-conductor but if it is warmed (by a burning match, e.g.) a 
current begins to pass through (if the potential is high enough) in gradu- 
ally increasing amount; this heats the glower still higher so that in a short 
time it reaches bright incandescence. The interesting feature of this lamp 
is that a substance which is a non-conductor at ordinary lemperaturea 
becomes a conductor at a higher temperature. In its more recent form 
the Nernst lamp is supplied with an automatic electric '* heater^* close 
to the wire, so that no ** lighting " is required. By reason of its efficiency 
this lamp bids fair to rival the arc-light. According to Kernst, the 
*^ glower " conducts the electricity by an electrolytic process and not like 
a metal. One of the grounds for this belief is the fact that a metal 
conducts the electric current worse as the temperature rises, but that 
electrolytes behave in the opposite way. 

▼AVASIUM, iriOBIUM (Colambium), TAHTALUX. 

292. These very rare elements are allied to nitrogen and phosphorus 
in their properties and the formulae of their compounds ; as is the case in 
all other groups the metallic character becomes more prominent as the 
atomic weight increases. 

Vanadium, which occurs in certain iron ores and in vanadinite, a lead 
vanadate, is characterized by an abundance of compound-types. There 
are, for example, four chlorides : VCU, VCI«, VCl* and VCl^. An oxy- 
chloride, VOCI«, also is known, which is decomposed by water like P0C1«. 
The highest oxide, VaO*, a brown substance, is an acid anhydride ; it forms 
salts which may be derived' from the acids H«V04 (ortho-acid) and HVO«, 
metavanadic acid, and is thus analogous to PaO». 

An important salt is the ammonium metavanadate^ NH4V08; it is 
insoluble in ammonium chloride solution, which property is valuable in 
separating vanadium from its ores. The latter are fused with caustic soda 
and Sfiltpetre, producing sodium vanadate, which is extracted with water. 
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On saturating this solation with ainmoniam chloride, NH4VO3 separates 
out after a while as a sandy powder. Heating converts it into VaO». This 
also serves as the characteristic test for vanadic acid. 

Vanadiam is finding yarious uses, both as the brown oxide and in 
alloys. Moreover it is much less rare than was supposed, for traces of it 
occur in many granitic and other rocks. 

Hiobinm (frequently called columbium) and tantalum form volatile chlo- 
rides, NbOU and TaCU, which (like PCU) are decomposed by water. Particu- 
larly characteristic of these elements are their double fluorides, 2KF-NbOF8, 
and 2KF.TaF». The latter is difficultly soluble, the former readily soluble, 
in water. Use is made of these compounds in separating the two elements. 
The oxides NbsOt and TaaO» in the presence of bases form salts of niobio 
acid, HsNbOi, and tantalic acid, HsTaOi. The element niobium is obtained 
in the free state by heating niobic acid with sugar-coal in the electric 
furnace. It then contains about S% of carbon. As it is not attacked by 
acids, it resembles boron or silicon more than the metals. 

CHBOMIXIM OBOXIF. 

Chromium. 

293. This element occurs principally in chromite, FeO-Cr,0, 
(§ 294), and less commonly in crocoite^ PbCrO^. The former 
serves exclusively for the preparation of chromium compounds; 
for this purpose it is very finely powdered and fused with an alkali, 
thus forming chromates, which are extracted with water. 

The element has been known for a long time but it was not 
until 1894 that it was prepared pure on a large scale by Moissax. 
He reduced chromium oxide, Cr^Oj , with charcoal in the electric 
furnace. An easier method is that of Goldschmidt (§ 284), by 
which chromium oxide is reduced with aluminium filings. If care 
is taken to have an excess of chromium oxide present, the metal is 
obtained entirely free from aluminium. 

The metal thus obtained is lustrous and takes a polish. It 
does not melt in the oxyhydrogen fiame but is completely liquefied 
in the electric furnace. It does not scratch glass (although the 
carbide C,Cr, scratches quartz and topaz). At ordinary tempera- 
tures its behavior is that of a precious metal, i.e., it is entirely 
unaffected by the air. Ostwald has observed a very remarkable 
phenomenon in dissolving chromium in dilute acids, viz., that tho 
evolution of hydrogen is periodic; after a few minutes of vigorous 
gas evolution there is a cessation for a few minutes. Not all 
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pieces of chromium metal show this peculiarity. It is not yet 
clear what causes this periodicity. 

Accord ing to Hittorf's researches the metal chromiam appears in two 
wholly different modifications. The metal obtained by the Ooldschmist 
method is n o t attacked by dilute hydrochloric or sulpharic acid at ordi- 
nary temperatures. It is inactive. On being heated with one of these 
acids, however, it begins to generate hydrogen vigorously, chromous chlo- 
ride going into solution. The metal has thus entered the active condition, 
for the evolution of hydrogen continues on cooling to room temperature 
and also recommences after the metal has been removed, rinsed off and 
introduced into cold dilute hydrochloric acid. If a bar of chromiam 
ill a solution of this sort is connected by a wire with some platinum foil in 
a silver nitrate solution and the two liquids are connected with each other 
by a concentrated solution of saltpetre, a galvanic cell is obtained with an 
E M. F. of 1.8 volts. Active chromium thus stands between cadmium 
and zinc in the electrochemical series. On the other band, if inactive 
chromium is combined with platinum in the same manner, the £. M. F. 
only reaches 0.3 volt. Between these two extreme, or limiting, conditions 
of the metal there are various intermediate forms. The inactive form is 
more stable than the active. Either modification can be obtained at will 
by the following process : If the active metal in contact with hydrochlo- 
ric acid is made the anode of a more powerful current, the hydrogen 
evolution ceases at once and yellow scales of chromic acid are soon ob- 
served to fall from the surface of the metal ; the metal has become inac- 
tive. If thereupon the current is reversed (making chromium the cathode), 
a vigorous evolution of hydrogen begins at the surface of the metal. 
On breaking the circuit the gas continues to come off, although at a 
much slower rate. The metal is restored to the active condition. It 
might seem reasonable to ascribe the inactivity of chromium simply to the 
fact that, when exposed to the air or to other oxidizing agents, or when 
serving as anode, it becomes coated with an extremely thin film of oxide, 
which protects it from further rusting. Many of the above facts could 
indeed be well explained by this supposition, e.g., the conversion of the 
metal into the active condition on warming with dilute hydrochloric acid. 
But warming with solutions of alkali halides also renders chromium active. 
This is one of the Tacts which makes the existence of two conditions more 
likely. 

Chromium forms three sets of compounds, derived from CrO 
chromous oxide, Cr^O, chroviic oxide and CrO, chromic anhydride. 

CHB0M0TJ8 COMPOUirDS. 

Those compounds have a very great tendency to absorb oxygen 
and go over into chromic compounds; hence they can only be pre- 
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served away from the air. A solution of the ohromoni chloride, 
CrCl,, is obtained by reducing chromic chloride, Cr,Cl,, with zinc 
and sulphuric acid. It has a beautiful blue color, which soon 
turns to green because of oxidation. If the solution of chromous 
chloride is poured into a saturated solution of sodium acetate, 
chromous acetate is precipitated as a red crystalline powder, which 
is much more permanent in the air than the other chromium salts 
and can therefore be used for their preparation. The hydroxide 
Cr(OH), is yellow. 

CHBOMIC COMPOITHDS. 

294. Chromic oxide, Cr,0,, is formed by heating chromic 
anhydride, GrO,, or ammonium chromate (§ 105). It can be 
obtained crystallized by passing chromyl chloride, CrO,Cl,, through 
a red-hot tube. The amorphous compound is green, the crystals 
are black. After ignition it is insoluble in acids. When fused 
with silicates it colors the latter green, whence its use as a pigment 
for coloring glass and chinaware {chrcme green). 

Guignet's greeny a beautiful pigment, is prepared by fusing 
potassium bichromate (1 part) with boric acid (3 parts). The 
potassium borate is dissolved out with water leaving the coloring 
substance, Cr,0,.2H,0. 

The hydrogele of cJiromic oxide, Cr,0,'7?H,0, is precipitated 
w^hen a chromium salt is treated with ammonia. It is light blue 
but dissolves in caustic potash or soda to a green solution. On 
boiling this solution a lower hydrate of another color is deposited. 
The formation of this lower hydrate explains the cause of the pre- 
cipitation, if it is assumed that its saturated solution contains less 
chromium ions than that of the higher hydrate. The alkaline 
solution is thus supersaturated in respect to the lower hydrate and 
the latter must be deposited. The solubility of chromic hydroxide 
in alkalies shows its slightly acidic character; it can also form salts 
with other metals, most of which salts derive themselves from 
CrO-OH. An example of this sort is the mineral chromite. 

Chromium hydroxide is only a weak base; it does not form 
salts with weak acids such as carbonic acid, sulphurous acid, etc. 
(cf. § 239). 

Chromium chloride, GrCl,, is prepared by heating a mixture 
of chromic oxide and carbon in a current of chlorine; it then 
fluUimes in brilliant violet crystal-laminae. Chromic chloride thus 
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obtained dissolves in cold water very slowly, but, if traces of 
chromous chloride are present, it dissolves readily. According to 
OsTWALD, this is to be regarded as a catalytic acceleration of the 
velocity of solution. The resulting solution is green; on evapora- 
tion green deliquescent crystals of the composition Cr^Cl, + 12H,0 
separate out. These crystals are also obtained from the solution 
of the hydrogele in hydrochloric acid. At 1200-1300° the vapor 
density corresponds to the formula CrCl,. 

Chromic sulphate, Cr,(SOJ,, like other chromium salts 
(nitrate, chrome alum, etc.), has the peculiar property of dissolv- 
ing in cold water to a violet solution, which turns green on warm- 
ing. On cooling, this green color changes back to violet (rather 
slowly with the sulphate solution but rapidly with other salts). 
On slowly evaporating the violet solution at room temperature the 
salts crystallize out, the sulphate for instance, with 15H,0; the 
green solution, however, yields only an amorphous viscid mass. 

In investigating these phenomena the sulphate solution has 
been usually employed, since its green modification can be kept 
the longest. Experiments have shown that the process depends 
on a splitting off of sulphuric acid (1 mol. H,S0^ from 2 mols. 
sulphate) and that green **chrom-sulphuric acids" are formed, 
i.e., substances with a complex chrom-sulphuric acid ion, since 
they do not give tests for either chromium or sulphuric acid. 
Thus only one-third of the sulphuric acid can be precipitated from 
a green solution of the sulphate directly with barium chloride, or 
in other words, only a third of the SO^ ions of the original violet 
solution are still present. The transition from the violet solution 
to the green can therefore be formulated in this way : 

2Cr.(S0J. + H.0 = B.,SO, + [Cr,0(SO.).];SO.. 

▼iolet complex ion 

green 

Only those SO^ groups in italics are precipitated. 

In a moderate state of dilution these chrom-sulphuric acids are 
just as strongly ionized as sulphuric acid itself. 

An analogous behavior is shown by chromic chloride, CrCl,. 
A violet solution of it can be obtained by treating the violet solu- 
tion of the sulphate with the theoretical amount of barium 
chloride. The chlorine can then be completely precipitated with 
silver nitrate at ordinary temperatures. If the solution is boiled 
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for a time, however, and then cooled, silver nitrate will precipitate 
only two of the three chlorine atoms directly under the same con- 
ditions; the third must have gone with chromium to form a 
complex ion. 

Chrome alum, K,SO,.Cr,(SO,), + 24H,0, is best prepared by 
passing sulphur dioxide into a solution of potassium bichromate 
<;ontaining free sulphuric acid : 

K.Cr,0, + H,SO, + 3S0, = K,SO..Cr,(SO,), + H,0. 
It can be obtained in finely developed octahedrons with edges 
several centimetres in length. It is used in dyeing and tanning. 

GHS0XATE8. 

295. There are numerous salts of the formula M,CrO^ which 
»re derived from the oxide CrO,, chromic anhydride, as in the 
similar case of sulphuric anhydride, SO,; but while in the latter 
case the sulphuric acid itself, H,SO^ , is also a stable compound, 
•chromic acid, H,CrO^, has not as yet been isolated. When an 
«kcid is added to a chromate only the anhydride is obtained; the 
acid HjCrO^ breaks up forthwith into water and anhydride. The 
-salts of chromic acid are isomorphous with the corresponding 
sulphates. 

Chromic anhydride is obtained on adding sulphuric acid to a 
-concentrated solution of potassium bichromate; it separates out 
in the form of long red rhombic needles, which, when freed from 
sXl sulphuric acid, do not deliquesce in the air. They are readily 
soluble in water. Heating to 250° breaks them up into chromic 
oxide and oxygen : 

2CrO, = Cr,0, + 30. 

Chromium trioxide is a very powerful oxidizing agent; its solu- 
tion cannot be filtered through paper because the latter is 
destroyed by oxidation. When strong alcohol is dropped on 
chromic anhydride it takes fire, chromic oxide (Cr,0,) being 
formed at the same time. Hydrochloric acid is oxidized to 
chlorine and water, sulphurous acid to sulphuric acid. On 
passing dry ammonia over CrO, crystals, the gas takes fire and the 
oxide is reduced. When heated with sulphuric acid it yields 
oxygen and chromium sulphate. Hydrogen sulphide reduces the 
aqueous solution, sulphur being deposited. Chromic anhydride 
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thus displays various characteristics of peroxides such as PbO, ^ 
BaOj, etc. 

In addition to the normal salts of chromic acid, e.g., K,CrO^, 
there are also b i chromates, t r i chromates, etc. , which can be 
regarded as combinations of one molecule of the neutral salt with 
one or more CrO, molecules : 

K,CrO, + CrO, = K,Cr,0,; K,CrO, + 2CrO, = K,Cr,0„, etc. 

Bichromate Trichroiiiaie 

If ^ molecule of sulphuric acid is added to 1 molecule of 
chromate, the yellow color of the chromate solution is changed to- 
the red color of the bichromate; a CrO^ ion gives up its electrical 
charge and an atom of oxygen to the hydrogen ions of the free 
acid, thus yielding water and forming, together with a second 
CrO^ ion, the red ion Cr^O, : 

4K + 2CrO;' + 2H + SO/' = 4K'+ Cr,0/' + H,0 + SO/'. 

Acid salts of chromic acid do not exist on account of this 
reducing effect of the hydrogen ions on the CrO^ ions. 

Chromic acid is a weak acid, since its insoluble (in water) salts, 
e.g., those of barium, lead and silver, are readily dissolved by 
strong acids (§ 146). 

Alkali chromates are invariably obtained by fusing a chromium 
compound with an alkali carbonate and an oxidizing agent. The 
latter is unnecessary when the fused mass can be brought suffi- 
ciently in contact with the oxygen of the air by stirring. Chromite 
is worked up commercially into chromates in this way; it is cal- 
cined in a reverberatory furnace with soda and lime: 

2Cr,0,.FeO + 4Na,C0, + 4CaO + 70 

^ 4Na,CrO, + 4CaC0, + Fe,0,. 

The resulting sodium chromate is lixiviated and sulphuric acid 
is added to its solution; on evaporation sodium bichromate,. 
Na^Cr^O, , crystallizes out, and this can be converted into potassium 
bichromate, a well-known salt, by double decomposition with 
potassium chloride. 

Potassium bichromate finds frequent use as an oxidizing agent 
in sulphuric acid solution, being itself reduced to chromic sulphate » 

K,Cr,0, + 4H,S0, = K,SO, + Cr,(SOJ, + 4H,0 + 30. 
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An important commercial task is the regeneration of the chromic acid 
from such a chromiam sulphate solution. The method followed in the 
factories at H5ch8t, Germany, is an electrical one. The solution is elec- 
trolyzed between lead electrodes in a vessel containing a diaphragm 
(porous partition). By the action of the current chromic acid is formed 
at the anode, while at the cathode hydrogen is CTolved, Besides this, a 
change occurs in the concentration of the sulphuric acid on both sides of 
the diaphragm ; it becomes higher in the anode portion, and lower in 
the cathode portion. The liquid oxidized at the anode can be used for 
oxidizing purposes without any further preparation. The chromic acid 
is again reduced to chromic oxide, CrsOs , and the reduced liquid is 
then introduced into the cathode-space, while the liquid which pre- 
viously occupied that space, is brought over to the anode side of the 
diaphragm. When the current is again turned on, the liquid at the 
cathode, which at the beginning of this second operation is richer in sul- 
phuric acid than the liquid at the anode, yields its surplus to the cathode 
liquid. In this way an accumulation of sulphuric acid is avoided, 
and the same liquid can really be used continuously as an oxidizing- 
agent. 

The chromates are yellow (except silver chromate, which is 
red) and the bichromates are red. Lead chromate, PbCrO^, is 
insoluble in water and is used as a pigment {chrome yellow). 

On heating potassium bichromate with potassium chloride and sul- 
phuric acid a dark red liquid distills over, which has the composition 
OrOaClt and the boiling-point 117** and must be considered as the chloride 
of chromic acid ; it is called ohromyl ohloride, or chromium oxychloride : 

K,CraOT + 4KC1 + SH^SO* = 2CrO,Cla + ZKSO, + 3H,0. 

Water breaks it up into CrOs and HCl. 

CI 
The semi-chloride of chromic acid, CrOa<QTT, is known only in the 

form of salts. The potassium salt, for example, is obtained by heating 
potassium dichromate with concentrated hydrochloric acid : 

K«Cr«Ot + 2HCI = 2CrOa<^J^ + H,0. 

It crystallizes in red prisms. 

On treating a chromic acid solution with hydrogen peroxide in excess a 
beautiful blue coloration appears, which is absorbed by slmking with ether. 
It is due to a perehromio aeid, whose ammonium salt NIl4CrOft+ HaOt can 
be isolated as a violet-black powder similar to powdered potassium per- 
manganate. In concentrated aqueous solution decomposition soon occurs, 
the bichromate being formed and oxygen given ofif. 
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Molybdenum. 

296. This comparatively rare element is found in nature in 
molybdenitey MoS, , and wulfenile, PbMoO^. The former is used 
exclusiyely in preparing molybdenum and its compounds. It is 
roasted and so converted into the trioxide, MoO,. 

The element itself is obtained from its oxides or chlorides 
by heating them red-hot in a current of hydrogen. The product 
is a steel-gray powder which fuses with great difficulty to a silvery 
metallic mass. Sp. g. = 8.6. Heating in the air converts it into 
the trioxide. It is not attacked by hydrochloric or dilute sul- 
phuric acid but is readily dissolved by nitric and concentrated 
sulphuric acids. 

Molybdenum is noted for the great variety of its compounds; 
some of these may be mentioned here. 

In addition to the oxides Mo,0, (weakly basic) and MoO, 
{indifferent) there is molybdenum trioxide, MoO,, which, like 
CrO,, is an acid anhydride. It is a white powder which turns 
yellow on heating. It is very sparingly soluble in water. With 
alkalies it forms molybdates. It has a tendency to form poly- 
molybdates even stronger than the similar tendency of chromic 
anhydride; ammonium heptamolybdate, (NHJ^Mo^O,^ + 4:H,0 
(derivable from the acid 7H,MoO^ — 4H,0), for example, and 
many others are known. The addition of a strong acid to a 
molybdate solution precipitates white, glistening cyrstal-laminte of 
molybdic acid, H,MoO^, which dissolve in an excess of acid. A 
solution thus prepared from ammonium molybdate and an excess 
of nitric acid serves as a test-reagent for phosphoric acid, with 
which it forms a yellow precipitate of about the composition 
(NH,),PO,.14MoO, + 4H,0 on warming {cf. §§ 146 and 162). 

Of the chlorides an MoCl,, an MoCl^, and an MoCl^ are 
known. In the oxychlorides MoOCl^ and MoO,Cl, molybdenum 
can be regarded as sexivalent. 

The chloride MoOU does not exist according to Muthmann (neither 
does MoO), but a chloride MosCle is known. 

A very characteristic test for molybdic acid (the most common 
molybdenum compound) is the following: the substance is mixed 
with zinc and sulphuric acid; at first a blue coloration (a molybdate 
of molybdic oxide) appears but it soon turns green and then 
brown. This brown coloration is due to a salt of the oxide Mo,0,. 
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TTJKGSTEH. 



S97. The minerals in which this element chiefly occurs are scheelitey 
CaWO«, tootframite, or wolfram, FeWO* , and hiibnerite, MnWO«. The 
metal is obtained pure by the method of Goldsghmidt (§ 284), i.e. by the 
reduction of pure tungstic acid with aluminium filings. The temperature 
thus produced is not high enough, however, to. convert the metal into a 
regulus, or matte. Stavbnhagen raised the temperature very considerably 
by adding liquid air to the reduction mixture before ignition ; under these 
conditions the separate particles of tungsten unite to form a fused regulus. 
The metal so obtained is very pure; sp. g. 16.6. It is malleable and 
scratches glass. In combination with carbon it is very much harder. It 
is very permanent in the air. Sulphuric acid, hydrochloric acid, aqua 
regia, and hydrofluoric acid attack it very slowly, but it rapidly dissolves 
in a mixture of hydrofluoric and nitric acids. Fused caustic potash dis- 
solves it slowly with the evolution of hydrogen. Tungsten is employed in 
the iron industry, since a small percentage of tungsten increases the hard- 
ness of steel in a marked degree {tungsten, or wolfram, steel). 

Tungsten, like chromium and molybdenum, is also characterized by 
an abundance of compound types. The chlorides WCI9 , WCU , WOU , 
and WCle are known to exist. The lower ones are prepared from the 
hexachloride by heating in a current of hydrogen or carbon dioxide. The 
hexachloride itself is formed by direct synthesis ; it is a violet-black 
crystalline substance ; water converts it into the anhydride, "WOt. 

Tungstie anhydride, W0« , is obtained by precipitating the hot solution 
of a tungstate with nitric acid. It is insoluble in water and acids but 
soluble in alkalies. The addition of an acid to the cold solution of a 
tungstate precipitates tnngstio acid, W0(0H)4 [ = W(OH). — HaO]. The 
latter forms polyacids, like chromic and molybdic acids. Like the latter 
acid it also has the property of uniting with phosphoric and arsenic acids 
to form complex phospho-tungstates and arseni-tung- 
states. The following is a very characteristic test for tungstates : It 
stannous chloride is added to a tungstate solution, a yellow precipitate 
(WOt) is produced. On the addition of hydrochloric acid and warming, a 
beautiful blue solution (WsOt) is obtained. 

USANIUM. 
298. The principal uranium mineral is uraninite, UsOt , which usually 
contains some iron. The metal is obtained by heating the chloride with 
sodium or by the electrolysis of the chloride or by the reduction of the 
oxide with carbon in the electric furnace. It is silvery white and has a 
specific gravity of 18.7. It is much more volatile than iron in the electric 
furnace. When it is in the form of a fine powder it burns in a current of 
oxygen as low as 170*. In the same state it decomposes water slowly at 
room temperature. When nitrogen is passed over uranium the two ele- 
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ments combine readily at 1000" to form a yellow nitride. Another inter* 
esting compound is the oarbide CtUs (obtained from uranium oxide and 
charcoal in the electric furnace), inasmuch as the addition of water yields, 
not only methane but liquid and solid hydrocarbons. 

Uranium forms two sets of compounds ; in the ous compounds it is 
quadrivalent (UX4), in the ic compounds sexiralent (UXt). The former 
pass readily into the latter. The oxide UO9 has an exclusively basic char- 
acter ; it is obtained by igniting the other oxides in a cuixent of hydro- 
gen. It was at one time regarded as the metal itself. 

Uranio oxid«, UOi, is a yellow powder, prepared by heating the nitrate. 
The corresponding hydroxide, U(OH),, is not known, but salts of the com- 
pound U(OH)t— 2HtO = UOs(OH)s with acids have been prepared. Since 
the UOt group acts here as a bivalent radical it is called uranyl and 
its salts uranyl salts, e.g. U0ii(N0s)s uranyl nitrate, crystallizing with 
6H9O in beautiful greenish-yellow prisms. Uranium trioxide also haa 
somewhat the character of an acid anhydride ; if caustic potash and soda 
are added to uranyl salt solutions yellow uranates (EsUsOt and NatUaOi) 
are precipitated, which are soluble in acids. Uraninite can be regarded aa 
the uranate of uranous oxide, UsOt= 2U0fU0i. Both oxides are con- 
verted into this UtOs oxide by heating in the air. Uranium salts are used 
to impart to glass a beautiful greenish-yellow fluorescence. 

The detection of uranyl salts is accomplished with the aid of the pre- 
cipitate, soluble in excess, which they give with ammonium carbonate and 
by the reddish-brown precipitate with potassium ferrocyanide. 

SADIUM, POLONIUM AND ACTIinVM. 

Becquerel has discovered that uraninite emits a peculiar sort of rays. 
They move in a straight line and act on a photographic plate ; but they 
cannot be reflected or refracted or polarized. When they pass through 
gases the latter become electrical conductors. It was for a while a ques- 
tion whether these properties belonged to uranium or to substances mixed 
with it in the uraninite. This mineral is very complex, containing 
besides UsOt as the principal constituent, a whole series of other metallic 
compounds. It is chiefly the merit of M. and Mme. Curie to have proved 
that the emission of these particular rays, or the ra^io-activity^ is due ta 
the presence of very minute quantities of three elements, hitherto unknown^ 
which they have called radium, polonium and actinium. 

In order to separate these elements from the uraninite residues, left 
after the extraction of uranium, their only guide was to measure the radio- 
activity of the products obtained in each operation ; this was done by 
measuring the conductivity of an air-layer, exposed to the rays. They thua 
succeeded in concentrating the active substance more and more by numer^ 
ous chemical operations. This method is quite comparable to that followed 
by BuNSEN and Eirghhoff in the extraction of rubidium and csBsiam from 
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tbe DUrkheim mineral water, in which the spectroscope indicated whether 
a concentration of these elements was effected. However, the measure- 
ment of the radio-activity is many thousand times more sensitive than 
spectroscopic observations. 

Polonium is a substance which is found in company with the bismuth 
extracted from uraniuite ; its chemical properties are very much like 
those of that element. It can be isolated by the sublimation of bismuth 
sulphide in vacuo^ since the active sulphide is the more volatile. As yet 
it has only been possible to obtain it mixed with much bismuth. 

lUdinm is obtained nearly pure as chloride. It accompanies the baryta 
extracted from uraninite, and is separated from it by fractional crystal- 
lization of the chlorides, the chloride of radium being less soluble than 
that of barium. 

AeUninm has much analogy with thorium, from which it has not yet 
been separated. The quantity of these elements occurrinp^ in uraninite is 
Yery slight ; in order to obtain a few centigrams of nearly pure radium 
chloride, 2000 kg. of uraninite residues had to be worked up. 

Radium is the best studied of these elements. It has a characteristic 
spectrum, resembling that of the alkaline earths. Its atomic weight has 
not yet been accurately determined for lack of material, but it is above 
174 (atomic weight of Ba == 187.4). Preparations of radium give light in 
the dark ; when they are very concentrated, they transform oxygen into 
ozone in a marked degree and have an odor like eau de JaveUe (§ 56). 
Under the influence of these rays glass assumes a brown color and potas- 
sium chloride and sodium chloride turn blue. For additional physical 
properties of the radioactive rays reference must be made to textbooks on 
physics. 

Summary of the Oroup. 

299. The elements chromium, violyhdenum^ tungsten, and 
uranium, in connection with snlphur, constitute a natural group 
in the periodic system. Particularly in the higher oxides there la 
considerable analogy with the behavior of this metalloid. Their 
acids^ for example, all have the formula H,RO^. Moreover sul- 
phur also has the ability to form polyacids (pyrosulphuric acid) 
although it is not so prominent as in the first named four elements. 
Several of their salts are isomorphous. The strength of the acids 
decreases, as in other groups, with rising atomic weight. Another 
characteristic of all the elements of this group is the great 
abundance of formula-types; it is also very noticeable in the case 
of sulphur, whose acids are remarkably numerous. 
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MAH^AVESE. 



300. This element is widely diffused in nature. The most 
important minerals are pyrolusite, MnO, , hausmanniief Mn,0^ , 
and rhodochrosiie, MnCO,. 

The metal is of minor importance. It is best prepared by 
the GoLDSCHMiDT method, i.e., by reducing pyrolusite with 
aluminium powder, when it is obtained as a regulus of brilliant 
lustre. Sp. g. = 7.2-8.0. It undergoes surface oxidation readily 
in moist air, which gives the regulus an iridescence, and when 
finely divided decomposes boiling water. It dissolves in acid: to 
form manganous salts. 

Manganese forms several series of compounds: the mangafwus 
compounds of the type MnX,; the manganic compounds, Mn,X^; 
manganic acid, II^MnO^ , which can be derived from an anhydride 
MnO,; permanganic SLcid, IIMnO^, from the oxide Mn,0,. Mo^t 
of the familiar salts of this clement are derived from manganous 
oxide, MnO. This oxide, which is prepared by heating the car- 
bonate in the absence of air, is an amorphous green powder, that 
oxidizes readily in the air to the higher oxide Mn,0^. Manganous 
hydroxide, Mn(OH),, is white when freshly precipitated from 
solutions by an alkali but soon turns brown in the air because of 
the formation of manganic hydroxide, Mn,(OH),. 

The solutions of manganous salts are pink (color of the Mn 
ion). The chloride, MnCl,, crystallizes with four molecules of 
water. It can be obtained anhydrous by heating the double salt 
MnCl,-2NH^Cl + H,0, since the hydrochloric acid set free hinders 
the hydrolytic dissociation of the cliloride. The sulphate, MnSO^, 
crystallizes below 6° with 7H,0, above this temperature with 
5H,0. It forms double salts, such as K^SO^ • MnSO^ + 6aq, simflar 
to those of magnesium and iron; they are moreover isomorphous 
with the latter. 

Manganous sulphide, MnS, has a pinkish-white color, which 
distinguishes it from all other sulphides. If ammonium chloride 
is added to the solution of a manganese salt, no hydroxide is 
precipitated by ammonia; this is analogous to what is observed 
with magnesium (§ 254), The solution is, however, readily oxi- 
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dized by the oxygen of the air and brown manganic hydroxide is. 
deposited. 

The manganic ion Mn is only weakly basic. Its salts are 
almost completely hydrolyzed in aqueous solution. The sulphate • 
gives alums with cerium and rubidium sulphates, which are also 
very unstable. 

Manganic oxide, Mn^O,, is obtained from all of the other 
oxides by heafcing in an oxygen current. Since dilute sulphuric 
acid reacts with it, giving manganous sulphate and manganese 
dioxide, the oxide, MnO,, is often considered as MnO.MnO,. The 
corresponding hydroxide is soluble in cold hydrochloric acid to a 
dark-brown solution. It is not certain whether this solution con- 
tains Mn,Cl, or MnCl, and MnCl^; on being warmed it gives oft. 
chlorine and is then known to contain the manganous chloride. 

Mangano'-manganic oxide, Mn,0^ or MnO-Mn,0,, is obtained 
by strongly igniting the other oxides in the air. It is a brownish- 
red powder. On heating with hydrochloric acid it yields chlorine. 

Manganese di- (or per-) oxide, MnO,, the best-known man- 
ganese mineral (pyrolusiie), is commercially of great importance 
in the production of chlorine. In the cold it dissolves in hydro- 
chloric acid to a very dark liquid, probably containing the tetra- 
chloride, and gives off no chlorine; when warmed, it decomposes 
into chlorine and manganous chloride (§ 25). 

Since pyrolusite is comparatively expensive, various methods 
have been devised for reconverting the manganous chloride into 
the peroxide. One which is of practical importance is the 
Weldok process. An excess of milk of lime is added to the 
chloride solution, whereupon air is forced through the warmed 
liquid. The manganous hydroxide which is precipitated under- 
goes oxidation and is converted into calcium manganite, GaMnO, 
(= GaO-MnO,), which settles as a black slimy mass: 

MnCl, + 2CaO + = CaMnO, + CaCl.. 

The calcium chloride solution is run off and the manganite is used 
for generating chlorine, since it acts towards hydrochloric acid like 
a mixture of lime and manganese dioxide. 

The value of the peroxide is based on the amount of chlorine 
it can produce with hydrochloric acid. In order to determine this 
the mineral, finely pulverized, is warmed with hydrochloric acid 
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and the eyolved chlorine passed into potassium iodide solution, 
whereupon an equivalent amount of iodine is liberated. This 
iodine can be titrated with thiosulphate (§ 93). 

Manganic acid and Permanganic acid. 

801. When manganese compounds are fused with potassium 
hydroxide in the air or better in the presence of an oxidizing agent 
(potassium nitrate or chlorate) a green mass results which is dis- 
solved by cold water fonning a dark -green solution. On evaporat- 
ing this solution in a vacuum dark-greeu rhombic prisms of 
potassium manganate, K,MnO^, crystallize out, which have a 
metallic lustre and are isomorphous with potassium chromate. 
They dissolve in potassium or sodium hydroxide solutions without 
any action but arc decomposed by water with the separation of 
manganese dioxide and the formation of potassium permanganate, 
KMnO^ , the latter giving the solution a deep violet color. 

3K,MnO, + 3H,0 = 2KMnO, + MnO,.H,0 + 4K0H. 

On account of these changes of color the manganate solution 
has received the name chamcBleon mmerale. 

Both in the solution of a manganate and in that of a perman- 
ganate we have the anion MnO^; in the former, however, it is 
bivalent, in the latter univalent. This causes the difference in 
the properties of the two ions; the univalent ion MnO/ is deep red 
and resembles the perchloric acid ion in behavior, while the 
bivalent MnO/' is deep green and displays analogy to the SO^" ion 
of sulphuric acid. The bivalent MnO^" is only stable in alkaline 
liquids; it is converted by water (more easily by acids) into the 
univalent ion : 

3K,MnO, + 4H]^0, = 2KMnO, + MnO, + 4KN0, + 2H,0, 
or, written in ions: 

6K + 3MnO/' + 4H + 4N0,' = 2K 

+ 2MnO; + MnO, + 4K + 4N0,' +2H,0. 

The reaction obviously amounts to a formation of water by the 
four hydrogen ions and two oxygen atoms which they extract from 
a bivalent anion MnO/', the latter being reduced to MnO,. Of 
the four negative charges which are required to neutralize the four 
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positive charges of the hydrogen ions two are taken from this 
MnO^ anion, which is reduced to MnO, , and the remaining two 
from two other bivalent anions MnO^", which thus become uni. 
Talent. The transformation of potassium manganate into the 
permanganate is effected commercially by passing osone into its 
•concentrated solution : 

2K,MnO, + 0, = 2KMnO, + K,0 + 0,. 

Permanganate crystallizes out of the solution and the resulting 
mother-liquor can at once be used with a fresh quantity of 
pyrolusite. 

Potassium permanganate, EMnO^, crystallizes in beautiful 
glistening greenish-black prisms of the rhombic system, which 
dissolve readily in water, forming a deep violet liquid. This salt 
is isomorphous with potassium perchlorate. All solutions of per- 
manganates display the same absorption spectrum, viz., five dark 
l)ands in the yellow and green, no matter what the base is. It is 
thus manifest that it is really the ion MnO/ that is the coloring- 
agent. 

The solution of potassium permanganate acts as a powerful 
oxidizing-agent; in acid solutions two molecules KMnO^ yield 
five oxygen atoms : 

2KMnO, ^ 3H,S0, = K,SO, + 2MnS0, + 2H,0 + 50. 

The process may be regarded as a transformation of the anhydride 
of permanganic acid, Mn,0^(= 2HMnO^ — H,0), into two mole- 
cules of basic' oxide, MnO, and five atoms of oxygen; thus: 
Mn,0, = 2MnO + 50. 

In neutral or alkaline solutions, however, two molecules 
KMnO^ yield only three atoms of oxygen, manganese peroxide 
being deposited at the same time (transformation of Mn,0^ into 
2MnO, + 30) : 

2KMnO, + H,0 = 2MnO, + 2K0H + 30. 

Since in oxidations with potassium permanganate in acid solu- 
tion the deep color of the permanganate is replaced by the very 
faint color of manganous sulphate, many substances can be titrated 
with potassium permanganate in acid solution without an indi- 
cator. Ferrous sulphate is oxidized to fen*ic sulphate; oxalic 
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acid gives carbon dioxide and water; nitrous acid in very dilute 
solutions is converted into nitric acid (§ 126); from hydrogen per- 
oxide water and oxygen gas are produced. All these reactions 
proceed quickly and quantitatively at ordinary temperatures so 
that they are suitable for titration. 

Manganese occupies an isolated position in the periodic system. 
No elements are known which are related to it as the elements 
Mo, W and U are to chromium. Moreover only in its highest 
stage of oxidation, permanganic acid, does it display analogy with 
the corresponding chlorine compound, HCIO^. The salts of both 
acids are isomorphous and both are powerful oxidizing agents. 

IRON. 

302. Iron is the most iiseful metal and is therefore prepared 
commercially on an enormous scale. It occurs only rarely native, 
e.g. in meteoric rocks. In the form of oxides, sulphides and 
silicates it is widely diffused in nature and is found in very large 
quantities. The most important minerals for the iron industry 
are magitetitey Fe^O^, hematite j Fe^Oj, and siderite, FeCO,. The 
pyrites (FeS,, etc.) are worked up into iron after they have been 
roasted in the sulphuric acid factories. 

The metallurgy of iron is theoretically very simple; it is based 
on the ability of carbon to reduce the oxides of iron to the metal 
at an elevated temperature. This process (smelting) is 
carried out in blast furnaces (Figs. 81 and 82). 

The iron ore is first roasted (calcined) to remove volatile 
substances (H^O, CO^, S, As, etc.) and loosen up the mineral. 
Then it is crushed and mixed with a slag-forming substance 
(/f^r, see § 242), according to the grade of the ore. If the 
gangue, or earthy matrix, contains much silica or alumina, lime- 
stone or dolomite is employed as the fluxing agent, but ores rich 
in lime or magnesia are mixed with quartz or aluminous ore to 
effect the necessary fusion and formation of slag (silicates of Al, 
Mg, and Ca). 

The blast furnace, previously warmed to the proper tempera- 
ture or already in operation, is charged from above with alternate 
layers of coke and the mixture of ore and flux, both being intro- 
duced in ** rounds,'^ or ** charges,'' of definite weight. (Sometimes 
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charcoal or anthracite are used as fuel.) The modern furnaces 
(Fig. 81) are built of fire-brick encased in iron and are of much 
lighter construction than the older ones (Fig. 82). They vary 




Fig. 81. 
Modern Blast Furnace. 



Fig. 82. 
Older Type of Blast Furnace. 



greatly in size but consist mainly of a long shaft tapering towards 
both ends. In order to utilize the escaping hot gases (CO, etc.) 
an apparatus ('*cup and cone") is fitted on the top to conduct 
them off and also allow the introduction of the charge. The air 
necessary for the process is forced in hot through pipes {tioyers) 
at the bottom of the furnace. The burning coke produces car- 
bon monoxide, which is the principal factor in the reduction of 
the ore: 

Fe,0, + SCO = 2Fe + 3C0,. 

The reduced iron sinks downward and comes in contact with 
carbon at a high temperature; as a result some of the carbon 



Digitized by 



Google 



426 INORGANIC VHEMiaTRT. 

is dissolved by it and its melting-point considerably depressed. 
When a definite stage is reached the fused iron is drawn off below. 
It is protected from atmospheric oxidation by the slag floating 
on it. 

808. It was stated above that the waste f arnace-gases contain carbon 
monoxide, and in considerable quantity; therefore a large amoant of heat 
is lost, which could be utilized by bulging the monoxide to dioxide. Sup- 
posing that this incomplete reaction was due to an incomplete contact of 
carbon monoxide and ferric oxide, manufacturers increased the dimen- 
sions of the blast furnaces, particularly in England and America, a height 
of thirty meters being not uncommon. The ratio of carbon monoxide to 
the dioxide in the escaping gases was not affected however ; it was thus 
demonstrated by very expensive experience that the reduction of ferric 
oxide by carbon monoxide has a limit. A study of the laws of chemical 
equilibrium would have led to this conclusion much more quickly and 
above all much less expensively. These laws teach us that : 

1. In the reduction of ferric oxide by carbon monoxide an equilibrium 
is established between this action and the oxidation of iron by carbon 
dioxide. 

Fe«0, + SCO ^ 2Fe + SCO,. 

2. The ratio CO : COi must be independent of the pressure, since no 
change in the volume of the gas takes place (§ 51). 

S. This ratio varies only slightly with the temperature, since very little 
heat is generated in the reaction. 

An experimental investigation conducted at a few different tempera- 
tures and pressures would have sufficed to determine the ratio CO : CO*. 
The result, when compared with the ratio CO : C0« of the waste gases, 
would thus have shown that little could be gained by an increase of the 
furnace dimensions. This illustrates in a very striking way the value of 
physical chemistry for industrial processes. 

Efforts are now being made to utilize the waste gases in other ways, 
such as by burning them under the boilers of steam engines or in wind 
heaters (for heating the blast air, or *' wind"). In recent years it has been 
found that greater eflSciency is attained by using the hot waste gases 
directly in gas engines for motive-power. 

304. The properties of iron are influenced in great measure by 
the slight admixtures which it contains, particularly by the carbon. 
The percentage of carbon forms the ordinary basis of classiflcation 
of the different grades of iron under the heads, pig iron and 
malleable iron ; however, in the industrial world this classification 
is not alwavs adhered to. 
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Pig iron, or cast iron, contains 2.3-5.1^ carbon. It fuses very 

lily but there is no previous softening; hence it is not malleable. 
It is brittle. This is the direct product of the blast furnaces and 
is therefore mixed with small amounts of silicon, phosphorus, 
sulphur, etc. The presence of manganese makes it coarsely 
crystalline and it is then known as spiegel-eisen. This is utilized 
mainly for steel. 

MaUeable iron, containing less than 2.3^ carbon, is harder to 
fuse but is extensible and malleable and the more so the less the 
impurities. If the carbon amounts to 2.3-0.5^, the iron can be 
hardened; in this manner steel is obtained. If there is less than 
0.5^ carbon, it can no longer be hardened; this is wrought iron. 
It is obvious that between these main varieties there are numerous 
intermediate sorts, which are prepared in such a way as to suit the 
purpose for which they are intended. 

Small admixtures of other elements have an equally great effect 
on the properties of iron. The presence of silicon has about the 
same eflPect as that of carbon, but it is less intense. Sulphur even 
in a small amount renders the iron brittle when hot and therefore 
useless for forging. On this account sulphurous ores as such are 
unsuitable for the . manufacture of iron. Phosphorus makes the 
iron brittle at ordinary temperatures. It should also be mentioned 
that as a general rule the effect of these admixtures is strongly 
modified by the presence of others. 

305. From the crude pig iron, the direct product of the blast 
furnace, the other vaiieties of iron are prepared. For this purpose 
it must be freed from silicon, sulphur, phosphorus, etc., as well 
as from a large portion of its carbon. The most important process 
for accomplishing this commercially is the Bessemer process. 
The pig iron is fused and run into a pear-shaped apparatus {con- 
verier, Fig. 83), in the bottom of which there are holes (xx ) for 
blowing in air. Thus by the oxidation of silicon, manganese and 
a little iron and without the use of fuel the temperature is raised 
high enough to effect the burning of the carbon. The Bessemer 
process is easier controlled if the elimination of carbon is continued 
past the steel stage and until molten wrought iron is formed, 
whereupon enough carboniferous iron is added to furnish the 
desired percentage of carbon. At the completion of the process 
the converter is emptied by tipping. 
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An objection to the Bessemer process in its original form waa 
that the phosphorus was not removed. The small amount of 
phosphorus present in iron might indeed be burned but the large 




Fia. 88.— Converter. 

amount of molten iron would at once reduce it back to phos- 
phorus or to iron phosphide. This fault was corrected by an 
improvement devised by Thomas and Ghxhrist. The interior 
lining {abed, Fig. 83) consisted originally of nothing but refrac- 
tory materials (ganister), rich in silica. This acid lining was 
replaced by them with a basic lining, consisting of clay and silica 
mixed with lime and magnesia and, in addition, lime was thrown 
into the converter with the pig iron. The phosphorus pentoxide 
produced by the combustion unites with the lime and magnesia 
and the phosphates are no longer reduced by the molten iron. 
As a side product a slag {Thomas slag) is thus obtained consisting 
of a basic phosphate, which is found to have great value as a 
fertilizer when ground very finely. It is brought on the market 
in enormous quantities. 

The only successful rival of the Bessemer process is the Siemens, or 
apen-Tiearth process. By employing a special furnace and gaseous fuel a 
mixture of cast iron and wrought iron (together with some iron ore) in the 
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proper proportions can be fused together so as to produce a very good steel. 
A basic lining can also be used with this process. 

The production of wrought iron from pig iron is usually accomplished by 
the ptuidling process. Pig iron is melted in a reverberatory furnace lined 
with iron ore (oxide); the carbon and also the silicon are oxidized (and 
so removed) partly by tlie action of the air, but mainly by that of the ore, 
which is stirred in with the metal. The violent reaction due to escaping 
CO gives the process the name of '* pig-boiling." The iron is then allowed 
to become pasty, when it is worked up into large masses (blootns), which 
are removed and hammered and rolled. The cinder is thus squeezed out 
Aiid the iron is formed into bars. 

Efforts have been made to enhance certain properties of steel 
which are valuable for particular purposes, by adding small 
amounts of other metals. A few of the results may be mentioned. 
The maximum hardness of steel is reached when it contains 1-2^ 
carbon. If, however, some manganese (up to 8^) or chromium 
(up to 1^) is added, a much harder modification of steel is pro- 
duced. The addition of nickel or aluminium makes wrought iron 
more malleable and elastic; as high as 3^ nickel is sometimes 
added. The toughness of nickel steel makes it especially valuable 
for armor plate. Tungsten {cf, § 297) and molybdenum are also 
added for different purposes. 

Further, the mode of manufacture can have great influence on 
the properties of iron. Steel, for instance, becomes very hard and 
brittle when it is suddenly cooled from a high temperature. If, 
however, it is then heated for a definite period and allowed to cool 
slowly, it becomes more or less tempered according to the tempera- 
ture, i.e. it can be made to have any desired hardness and elasticit 
(within certain limits). 

Chemically jmre iron is obtained by reducing the oxide or 
chloride in a current of hydrogen. If the reduction takes place at 
a low temperature, the resulting iron powder is pyrophoric (§ 203). 
It is a silvery white, lustrous metal of the specific gravity 7.84, 
and does not melt below 1600°. It is the most magnetic of the 
metals ; pure iron and wrought iron can be magnetized only tem- 
porarily, steel, however, permanently. Iron is permanent in dry 
air or in water free from air (CO,). In moist air it rusts rapidly 
(§ 279), forming ferric hydrate; as the rust does not form a com- 
pact film it keeps on forming. 

The rusting of iron is greatly retarded by contact with water contain- 
ing a little alkali or salts of alkaline reaction. In a soda solution, for 
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instance, iron remains bright. The rusting of iron in contact with water 
can be explained by assuming that the oxygen dissolved in water endeavors 
to form hydroxyl ions with the hydrogen ions. In order to compensate 
their negative potential the iron sends its positive ions into the solution ; 
in a short time the solubility product of ferric hydrate is reached and the 
latter is deposited; in other words, the iron rusts. 

Now, if hydroxyl ions are previously introduced into the liquid by the 
addition of a base or a salt of alkaline reaction, the ionization of the water 
is diminished so much that the oxygen can find almost no hydrogen ions 
with which to form hydroxyl ions ; therefore the iron does not send any 
more ions (§§ 276 and 277) into the solution and rusting is greatly retarded. 

Iron dissolves readily in hydrochloric and sulphuric acids with 
the evolution of hydrogen. At red-heat it decomposes water but 
the oxide is also reduced by hydrogen, so that an equilibrium 
results: 

3Fe + 4H,0 ^ Fe,0, + ^R^. 

In nitric acid (not too concentrated) iron dissolves readily with 
the evolution of nitric oxide, NO, but if the iron is first dipped 
in concentrated nitric acid and then rinsed off it becomes indif- 
ferent to the action of nitric acid. The cause of this so-called 
"passivity" of iron is probably the same as for the passive 
modification of chromium (g 293). 

Iron forms two sets of salts, the ferrous and the ferric. 

Ferrous Compounds. 

306. In the ferrous condition iron has only basic properties. 

Ferrous oxide, FeO, is obtained by reducing ferric oxide with 
carbon monoxide. It is a black powder, which oxidizes easily 
on warming. Ferrous hydroxide, Fe(OH),, is precipitated from 
ferrous salt solutions as a pale green gelatinous substance by the 
addition of an alkali; it oxidizes very rapidly in the air to ferric 
hydroxide. 

Ferrous chloride, FeCl, , is formed on dissolving iron in hydro- 
chloric acid ; it crystallizes from this solution in green monoclinic 
prisms containing four molecules of water. The anhydrous salt 
is obtained as a white sublimate w^hen iron is heated in dry hy- 
drochloric acid gas. With potassium chloride and ammonium 
chloride ferrous chloride forms well crystallized double salts, e.g. 
FeCl,.2KCl + 2H,0. 
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Ferrous inlphate, FeSO^ + 7H,0 (green vitriol, copperas) ^ is 
the most familiar ferrous salt. It is prepared commercially by 
partially roasting pyrite, whereby ferrous sulphide, FeS, is formed; 
the latter is left exposed to the air, when it oxidizes gradually to 
ferrous sulphate, which can be dissolved out. It crystallizes in 
large, bright green, monoclinic prisms, which effloresce slightly 
and at the same time become coated with a brown layer of basic 
ferric sulphate. The double salts such as FeSO^-(NH^),SO^ 
+ 6aq, Mohr's salt, are not so liable to oxidation; for this reason 
use is frequently made of Mohr's salt to standardize permanganate 
solutions (§ 301). Iron vitriol has numerous uses, e.g. for making 
ink, in dyeing, as a disinfectant (it absorbs both ammonia and 
sulphuretted hydrogen and is therefore used to dispel bad odors), 
etc., etc. 

Ferrous carbonate is somewhat soluble in water containing 
carbonic acid and is therefore often present in natural waters 
(g 17). The basic carbonate which is precipitated from a ferrous 
solution by soda oxidizes rapidly in the air to ferric hydroxide. 
The latter is also deposited from chalybeate waters on standing in 
the air for a time. Ferrous carbonate is only known as a mineral 
{siderite, § 302). 

Ferric Compounds. 

307. The ferric ion has only very slightly basic properties. 
Ferric salts of weak acids such as carbonic acid do not exist. In 
aqueous solution most of the ferric salts, even those of strong 
acids, are partially hydrolyzed. They are readily converted into 
ferrous salts by reducing agents. 

Ferric oxide, Fe^O,, iron sesquioxide, is formed on heating 
various iron compounds in the air and is manufactured by igniting 
green vitriol (§ 79). It is a dark red powder and finds use as a 
pigment (colcothar) and in polishing glass, etc. 

Ferric hydroxide separates out as a reddish-brown hydrogele, 
Fe,0, + ?iH,0, when a ferric salt solution is treated with an alkali. 
The freshly precipitated hydrogele dissolves in a solution of ferric 
chloride or acetate. If this solution is dialyzed, a pure colloidal 
solution of the hydroxide is finally obtained; from this the 
hydrogele is reprecipitated by a small amount of alkali or acid. 

Ferrous ferric oxide, FcjO^, also called ferroso-ferric oxide or 
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magnetic iron oxide, occurs in nature as magnetite. It is produced 
by heating iron in steam (g 305). 

Ferric chloride is obtained by passing chlorine into a solu- 
tion of ferrous chloride. It crystallizes at different temperatures 
with different amounts of water. On heating the salt hydrochloric 
acid escapes with the water of crystallization. Anhydrous ferric 
chloride can be prepared by heating iron in a current of dry 
chlorine. 

Between 320° and 440° the vapor density is approximately that 
calculated for Fe,Cl,; between 760° and 1050° it falls to half, 
indicating a splitting off of chlorine. 

Ferric sulphate, obtained by dissolving ferric oxide in sulphuric 
acid, forms alums, e.g. potassium iron alum, K^SO^ • Fe,(SO J, + 
24H,0. 

When a ferrous salt is converted into a ferric salt in aqueous 
solution the bivalent ferrous ion is transformed into a trivalent 
ferric ion. The oxygen required for the conversion serves to 
oxidize the hydrogen ions of the acid (which must be added) to 
water, whereupon these hydrogen ions surrender their charge to 
the iron ions: 

2(Fe + 2Cr) + 2(H*+ CI') + = 2(Fe + 301') + H,0. 

Ferrous chloride Hyarochloric acid Ferric chloride 

Inversely, the reduction of ferric salts to ferrous salts can be 
explained by supposing that every ferric ion gives up a third of its 
charge to another atom and thus makes the latter an ion or dis- 
charges it. 

Salts of iron are also known which are derived from the hypothetical 
oxide FeOs. They are obtained by heating iron filings with saltpetre or 
passing chlorine into an alkaline suspension of the ferric oxide hydrogele. 
From such solutions potaMinm ferrate, KtFeOi, crystallizes out in daA 
red prisms, isomorphous with the chromate and sulphate of potassium. 
These crystals are readily soluble in water but their dark red solution soon 
decomposes with the separation of ferric hydroxide and oxygen gas. The 
free ferric acid is unknown. 

808. Iron unites with cyanogen to form complex and 
unusually stable anions, viz. the ferrocyanic ion (FeOyJ"" and 
the ferricyanic ion (FeOyJ'". Their best-known salts are potas- 
sium ferrocyanide, K^FeCy, + 3H,0, and potassium ferricyanide, 
KjFeCy, , the yellow and red prussiates of potash, re- 



Digitized by VjOOQ IC 



FERRIC COMPOUNDS. 433 

spectively. The ionization of the complex ions themselves is so 
slight that they give none of the ordinary reactions for iron. 

For the QomvaQTCiBl manufacture of yellow prussiate of jyotash 
two processes are used: In the first animal refuse (e.g. blood) 
is charred, yielding a black, highly nitrogenous mass. This is 
ignited with potash and iron filings. After cooling, hot water is 
added and the mixture filtered; from this filtrate the yellow 
prussiate crystallizes out on standing. This salt is not formed 
uniil the ignited mass is treated with water, for yellow prussiate is 
decomposed by heat and cannot therefore be present in the ignited 
mass. The latter probably contains potassium cyanide, iron and 
iron sulphide (animal refuse always contains sulphur compounds). 
These substances can interact according to the equations: 

6KCy + FeS = K^FeCy, + K,S; 

2KCy + Fe + 11,0 = FeCy, + 2K0H + H,; 

FeCy, + 4KCy = K^FeCy,. 

The second process is employed in illuminating-gas factories, 
for the unpurified gas contains a little cyanogen and prussic acid. 
After being freed from tar and ammonia it is passed through a 
washer (scrubber) containing a solution of potash in which ferrous 
carbonate (ferrous sulphate -|- potassium carbonate) is suspended. 
This liquid reacts with the two compounds named to form yellow 
prussiate and the latter can be obtained by concentration and 
crystallization. 

Potassium ferrocyanide, K^FeCy^ + yH,0, forms large sulphur- 
colored crystals. Its three molecules of water can be expelled by 
gently warming, whereupon the salt is left as a white powder. It 
is not poisonous. With dilute sulphuric acid it produces prussic 
acid on warming; with concentrated sulphuric acid it yields 
carbon monoxide. 

The free ferrocyanic acid, II^FeCy^, separates out as a white 
crystalline precipitate when concentrated hydrochloric acid is 
added to a strong solution of potassium ferrocyanide. The pre- 
cipitate soon turns blue in the air on account of the formation of 
Prussian blue (and partial decomposition as well). Various salts 
of this acid have characteristic colors and are insoluble; hence 
potassium ferrocyanide finds use in analysis. It is an interesting 
fact that this compound of iron can sen-e as a distinguishing 
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reagent for ferrous and ferric compounds. The ferrous salt of 
ferrocyanic acid is white but in the presence of air it passes rapidly 
over into the blue ferric salt {Prussiati blue — a valuable pigment). 
The copper salt (§ 40) is brownish red, the zinc salt white, etc. 

Sodium nitro-pmsside, NajjFeCy5(N0) + 2Rfi, is formed by 
the action of nitric acid on sodium ferrocyanide. It crystallizes 
in ruby-red prisms and is a delicate reagent for alkali sulphides, 
whose solutions it colors violet. 

Potassium ferricyanide, K,FeCy, , red prussiate, is formed from 
the yellow prussiate by treating a solution of the latter with 
chlorine or bromine: 

K^FeCy, + CI = KCQ + KjFeCy,. 

It appears in dark-red crystals, which are readily soluble in water* 
The aqueous solution is unstable. It is often employed as an 
oxidizing-agent in alkaline solution, being itself converted into 
the ferrocyanide: 

2K,FeCy, + 2K0H = 2K,FeCy, + H,0 + 0. 

IroD forms some very peculiar compoauds with carbon monoxide : 
Fe(C0)4 and Fe(CO)». They are produced when carbon monoxide is passed 
over finely-divided iron at 80°, or at ordinary temperatures if the gas is 
under pressure. Iron vessels which have held compressed illuminating- 
gas for some time are more or less attacked by the carbon monoxide of the 
gas, for if gas which has been kept in such a vessel is allowed to escape 
through a hot glass tube an iron mirror is formed on the inside of the tube. 

COBALT AND NICKEL. 
Cobalt. 

309. The two best-known minerals of this metal are smdUitey 
or cobalt glance, CoAs,, and cobaliite, CoAsS. The metal is 
obtained by calcining these minerals and reducing the resulting 
cobalto-cobaltic oxide, COjO^, with carbon (or hydrogen). It has 
a pink color and a high lustre. Sp. g. = 8.9. It is magnetic but 
much less so than iron. It is indifferent to the air. Hydrochloric 
and sulphuric acids dissolve it very slowly but it readily forms a 
nitrate with nitric acid. 

Besides the oxide, Co,0^ , just referred to there are two others^ 
cobaltous oxide, CoO, and cobaltic oxide, Co,0,. The salts are all 
cobaltous, corresponding to the bivalent ion Co. 
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COBALTOUS COMPOUNDS. 

The solutions of the salts are red; hence this is the color of 
the cobalt ion. The non-ionized cobalt salts are blue, e.g. the 
anhydrous CoCl,, the silicate, etc. This difference in color enables 
us to tell readily whether a cobalt salt in solution is ionized or 
not. Thus in concentrated solutions, for instance, all those cir- 
cumstances which reduce the ionization cause a change of color 
from red to blue, e.g. when a concentrated cobalt chloride solu- 
tion is warmed or treated with hydrochloric acid. That the 
ionization may be diminished by warming was mentioned in con- 
nection with cupric chloride (§ 244). 

Cobaltous chloride, CoCl, + 6H,0, forms red monoclinic crys- 
tals, which turn blue on heating because of dehydration. Cobalt 
sulphate, CoSO^ + 711,0, is obtained in dark-red monoclinic 
prisms and is isomorphous with FeSO^ + '^H,0. It forms double 
salts with alkali sulphates, e.g. K,SO^.CoSO^ + 6H,0. Cobalt 
nitrate, Co(NO,)j + 6H,0, appears in red hygroscopic prisms. 
Cobalt silicate is very deep blue; hence its use for coloring glass. 
Pulverized cobalt silicate serves as a pigment (smalt) in painting, 
etc. Thenard's blue is a pigment, obtained by igniting cobalt 
salts with alumina. 

COBALTIC COKPOUHDS. 

310. Cobaltic oxide, Co,0,, is obtained by igniting cobalt 
nitrate. It is a black powder, which passes over into cobalto- 
cobaltic oxide, Co^O^ , at red heat and at white heat yields cobaltoua 
oxide. It has the character of a peroxide; for by the addition of 
sulphuric acid, it is converted into a cobaltous salt with the evolu- 
tion of oxygen and it yields chlorine with hydrochloric acid. In 
cold dilate hydrochloric acid it dissolves, however, without gen- 
erating scarcely any chlorine. 

Like iron, cobalt also forms complex ions, of which those with 
cyanogen are very stable. There are cobalt salts corresponding in 
composition to the yellow and the red prussiates of potash: the 
salt E,CoGy,, potassium oobalticyanide, crystallizes in colorless 
rhombic prisms. A peculiar complex ion occurs in the potassium 
cobaltic nitrite, 6KNO,.Co,(NOJ, + wH,0, or K,.Co(NO,), + 
nH,0. It is formed on treating a solution of a cobalt salt with 
potassium nitrite and acetic acid. It is a yellow crystalline pre- 
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cipitate, which is very slightly soluble when potassium ions are 
present in excess in the liquid. 

Cobalt also forms numerous complex ions with ammonia (§ 317). 

Nickel. 

311. Nickel occurs in niccolite, NiAs, and nickel glance^ or 
gersdorffiie, NiAsS. Especially important is the nickel silicate, 
garnierite, 2(NiMg)Si^0j, + 2aq, which was discovered by Garxier 
in New Caledonia, where it occurs in enormous quantities. From 
this ore the nickel is obtained by a blast-furnace process similar 
to that for iron. The discover}^ of garnierite marked the beginning 
of a new era in the nickel industry. Much nickel is refined eiec- 
trolytically. 

Nickel is almost as white as silver, is very tough and has a high 
metallic lustre. Sp. g. =8.8-9.1. It is feebly magnetic. It 
dissolves sparingly in hydrochloric and sulphuric acids but freely 
in nitric acid. It is permanent in the air. 

It is employed in nickeUpJating metallic objects and as a con- 
stituent of several alloys. German silver contains about 
bO^ copper, 25j^ nickel and 2b% zinc. The nickel coins of 
Germany and the United States consist of 75^ copper and 25jb 
nickel. The use of nickel to vary the properties of iron has 
already been mentioned (§ 305). 

The oxides of nickel, NiO and Ni,0, , are very similar to those 
of cobalt. The nickelous oxide, NiO, is the only one which forms 
•salts. 

Nickel chloride, NiCl, -|- BH^O, yields green monoclinic prisms. 
When heated it turns yellow on account of loss of water. 

Nickel sulphate, NiSO^ + 7H,0, green rhombic prisms, is 
isomorphous with the corresponding ferrous and other salts and 
^Iso forms analogous double salts. 

Nickclic oxide, Ni^O,, also behaves as a peroxide; when warmed 
with hydrochloric acid it yields chlorine gas and nickel chloride. 

Nickel carbonyl, Ni(CO)^, is formed when carbon monoxide is 
led over finely divided nickel at ordinary temperatures. The 
product is a colorless, highly refractive liquid, which boils at 43"" 
and congeals (crystalline) at — 25°* Its vapor decomposes explo- 
sively at 60°. When heated in the air it bums with a very sootj 



Digitized by VjOOQ IC 



PLATINUM METALS. 437 

flame. This compound is of aid in extracting nickel from low- 
grade ores. 

Nickel also forms a complex ion with cyanogen. On dissolv- 
ing nickel cyanide in an excess of potassium cyanide the compound 
KjNiCy^ is produced; it is, however, unstable, being decomposed 
by hydrochloric acid with the deposition of nickel cyanide, NiCy,. 

312. A very peculiar property is exhibited by the sulphides of 
cobalt and nickel, CoS and NiS. Hydrogen sulphide does not 
precipitate these sulphides from acid solutions, but, once precipi- 
tated (by ammonium sulphide), they are not dissolved by dilute 
acids. This is contrary to the general rule of § 146 (see also § 73), 
for the sulphides should either be precipitated by hydrogen sul- 
phide from a feebly acid solution (e.g. CuS), which is the case 
when the solubility product is very small, or else, when the solu- 
bility product is larger, they should dissolve in dilute acids, e.g. 
FeS. This anomaly is probably due to the fact that the sulphides 
very soon after their formation pass over into another modification 
(probably a polymer). Nickel sulphide is soluble in alkali sul- 
phides immediately upon its formation but when once deposited 
in the solid state it is insoluble or nearly so. This is seen when a 
nickel solution is treated with tartaric acid and then with an excess 
of sodium hydroxide, no nickelous hydroxide being precipitated. 
If hydrogen sulphide is passed into this solution, a very dark- 
colored liquid results, from which nickel sulphide is deposited only 
very slowly. The same is true of cobalt solutions, but only when 
very dilute, for otherwise the cobalt sulphide soon passes over into 
the insoluble modification and separates out. 

FLATINITM METALS. 

313. Under this head are included the metals ruthenium^ rho- 
dium, palladium, osmium, iridium and platinum. They occur 
only in metallic form and are associated together in mixtures 
or combinations. The principal deposits are in the Ural and 
Caucasus, but smaller quantities are also found in California, 
Australia and Sumatra. The most important of these metals is 
platinum. The platinum ores usually contain admixtures of iron, 
gold, etc. 

This group falls, into two subdivisions: the light metals, 
ruthenium, rhodium and palladium, and the h e a v y metals 
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osmium, iridium and platinum. The two subgroups differ con- 
Biderably in atomic weight and specific gravity : 





Light. 


Heavy. 




Ru 


Rh 


Pd 


Os 


Ir 


Pt 


Atomic 'weiflrbt 


101.7 
12.26 


108.0 
12.1 


106 
11.9 


191 
22.4 


193.0 
22.88 


194.8 


Specific firravitv 


21 45 







A complete separation of the platinum metals from each other 
is extremely difficult, in the first place because their properties are 
very similar and in the second place because their behavior is con- 
siderably modified by their mutual presence — a fact which indi- 
cates the existence of compounds with each other. Thus, for 
instance, platinum dissolves readily in aqua regia and pure iridium 
is insoluble in it; nevertheless, when an alloy of the two metals is 
treated with aqua regia, some of the iridium is carried into solu- 
tion. Farther, the presence of iron (which occurs in all platinum 
ores) is often very disturbing; for example, pure platinum solu- 
tions are not precipitated by soda or barium carbonate, but if iron 
is present more or less platinum comes down with the hydrate of 
iron. In spite of these difficulties platinum, palladium, rhodium 
and iridium can now be purchased in a remarkably pure state. 

Platinum is the easiest to obtain pure from its ores. The latter are 
first treated with dilute aqua regia, whereby chiefly gold is dissolved out ; 
then with the aid of concentrated aqua regia the platinum, palladium, 
iridium and small amounts of the other platinum metals are dissolved; the 
residue is osmium-iridium together with some of the other metals and 
varying amounts of platinum. The solution contains the following com- 
pounds: PtCU , IrCU , RhaCU . PdCU and very small amounts of Op and Ru, 
also as chlorides. If this solution is boiled with sodium hydroxide, IrCU 
is converted into IraClc and NaClO formed at the same time. By the addi- 
tion of a few drops of alcohol the sodium hypochlorite is reduced to tlie 
chloride. Thereupon NII4CI is added and the platinum alone is precipi- 
tated, separating out as (NIl4)aPtCU , which yields metallic platinum on 
heating. 

Ruthenium. 

814. This steel-gray metal is hard, very brittle and very difficult to 
fuse, a temperature of at least 1800** being necessary. Even when finely 
divided it is but very sparingly soluble in aqua regia, forming RutCls, 
but when alloyed with platinum, it dissolves readily. The compound 
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RuC1« is known only in double salts. As a powder the metal oxidizes in 
the air to RuO and RatOt. Ruthenium also forms characteristic salts, in 
which it plays the part of an acid. 

Potaniiim mthenate. EaRuOi , results from fusing ruthenium with 
caustic potash and salpetre. It crystallizes with IHsO in black prisms of 
a greenish lustre. With water it forms a dark orange-colored solution. 
Its conduct reminds one of potassium manganate, for under the influence 
of dilute acids it is converted into potaHiam perrathenate, KRUO4 , with the 
simultaneous precipitation of a black oxide, RusO^ (or RuOs ?). It crys- 
tallizes in black octahedrons of metallic lustre, which dissolve in water to 
a dark green solution. A peculiar compound is the tetroxide, RUO4, which 
volatilizes when chlorine is passed into the concentrated solution of potas- 
sium ruthenate. It can be solidified by cooling, when it forms a golden 
crystalline mass, fusible at 25.5*. There is no acid corresponding to this 
oxide. RUO4 is used for the preparation of pure ruthenium. 

Osmium. 

This metal is very analogous to ruthenium ; it melts as high as 2500*. 
The chlorides OsCU and OsCU and the oxides OsO, OstOt and OsOs are 
known. The great similarity to ruthenium is especially noticeable in the 
highest oxides. Thus fusion with caustic potash and saltpetre produces 
potaMium oimiate, KsOsOi, which crystallizes from aqueous solution in 
dark violet octahedrons containing two molecules of water. The charac- 
teristic osmium compound is the tetrozide, OSO4, formed by igniting 
finely powdered osmium in the air or by the action of chlorine on the metal 
in the presence of water. The aqueous solution of OSO4 reacts neutral but 
is often wrongly called osmic acid. It is employed in microscopy since 
organic substances (i.e. reducing-agents) precipitate black osmium. No 
salts derived from O8O4 are known. This compound is used in preparing 
pure osmium. 

Rhodinm. 

The metal in the fused state has the appearance of aluminium and 
is just as extensible (malleable and ductile) as silver. It is prepared 
pure in the arts by way of the chloro-purpureo rhodium chloride, 
Rh(NHi)iCl« (cf. § 317). Neither acids nor aqua regia affect it. When 
heated in the air it is oxidized to the rhodious oxide, RhO. It is able to 
absorb a considerable amount of hydrogen. The rhodic oxide, RhsOs, 
yields salts with acids. Of the chlorides only Rh.CU is known ; this is 
obtained by direct synthesis as a reddish-brown substance ; it forms sol- 
uble double salts with the alkali chlorides. 

Iridinm. 
This very refractory metal is obtaiiied from iridosmine by heating in a 
current of oxygen, when the osmium volatilizes as tetroxide. In the form 
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of a platinam alloy it is employed in the manufacture of '* platinum ** 
crucibles, dishes, distilling-vessels for the concentration of sulphuric acid 
(§ 86), etc. The prototype of the meter at Paris is made of an alloy 
of 90^ platinum and 10^ iridium. The admixture of iridium makes the 
platinum more indifferent to chemical agents. When pure, iridium ia 
not attacked by aqua regia. 

Iridium forms two chlorides, IrsCl* and IrCU. Both of them give double 
salts with the ulkali chlorides ; e.g. IraCU-GKCl + 6H,0 and IrCl* + 2KC1. 
The former dissolves in water readily, the latter with difficulty. The tetra* 
chloride appears as a black substance, forming with water an intensely red. 
solution. For this reason a platinum chloride solution which contains 
iridium has a much deeper color than a pure solution. 

Falladinm. 

815. The silvery white metal fuses at 1500°, i.e. more easily than 
platinum. When finely divided it dissolves in boiling concentrated hydro- 
chloric, sulphuric and nitric acids. On ignition in the air it is at first 
oxidized, thus losing its lustre, but at a higher temperature the metallie 
surface reappears. The most peculiar characteristic of the metal is its 
ability to absorb hydrogen in large quantities (ocdtision). Freshly ignited 
palladium foil absorbs 370 times its own volume of hydrogen at room tem- 
perature. By making palladium foil the cathode in a water electrolysis 
apparatus the metal can be made to take up even 960 times its own vol- 
ume. This absorption does not alter its metallic appearance. The absorbed 
hydrogen can all be expelled by heating in a vacuum. 

It was formerly supposed that in this absorption a compound PdaH 
was formed. Recent investigations (by Roozeboom and Hoitoema) from 
the standpoint of the phase rule (§ 71) have, however, rendered the exist- 
ence of this (or any similar) compound doubtful. In case a compound 
were formed, there would be two substances (Pd and H) and three phases 
(Pd, the supposed compound, and H) and we should have a complete het- 
erogeneous equilibrium. Various states of affairs would then be possible. 

The relation between the pressure and 
the amount of gas at constant tempera- 
ture could be represented graphically 
for a simple case thus : If the gas at first 
merely dissolves in the metal, the pressure 
must rise steadily with the amount of 
gas absorbed until the compound is 



i 




fKACENTAOEOFOM formcd, «, Fig. 84. This gas pressure 

Fig. b4. must then remain constant while the 

absorbed gas volume increases, until the 

metallic phase has completely disappeared by conversion into the hydride. 

Supposing that this were the case at &, hydrogen could still dissolve in.. 
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tbe hydride bnt the pressure of gas ought to increase from that point. 
At a and 6 the pressure curve should show abrupt bends. 

On the contrary, if no compound is formed and it is merely a matter 
of absorption there are only two phases (gas and its solution) for the two 
substances and therefore the equilibrium is incomplete ; the pressure must 
on the whole rise as the amount of gas increases and at no point will the 
ourve suddenly change its direction. 

The experiments showed that the pressure curves for various tempera- 
tures (between C'and 190") consist of three parts, viz., of two steep por- 
tions connected by a third middle portion, which runs almost horizontal at 
low temperatures. But at all investigated temperatures these portions 
were found to gradually pass into each other, so that the curve does not 
appear as in Fig. 84. These results point to the non-existence of any 
chemical compound ; they indicate a continuous absorption, which is, how- 
ever, distinguished from other known phenomena of this sort by the 
peculiar form of its pressure curve. 

Palladium charged with hydrogen is a strong oxidizing-agent ; chlo- 
rine and iodine are reduced by it (see § 200) to hydrogen chloride and 
hydrogen iodide, respectively, and ferric salts are reduced to ferrous salts. 

Palladium forms two series of compounds the -ous, PdXa, and the -tc, 
PdX«. A characteristic compound of the first series is palladiooi iodide, 
Pdls, which is precipitated by potassium iodide from solutions of -ous 
salts as a black insoluble substance. This reaction is occasionally used 
to separate iodine from the other halogens, since their palladium com- 
pounds are readily soluble.— Palladic chloride. PdCh, is produced by dis- 
solving the metal in aqua regia. With KCl or NH4CI it forms a difficultly 
soluble double chloride, KaPdCl* or (NH4)sPdCl0. On the evaporation of 
its solution PdCU dissociates into PdCU and CU. 

Flatinnm. 

316. This metal, which is the, principal constituent of the 
platinum ores, is obtained pure by the process explained in § 313. 
It fuses at about 1770° and is extremely malleable and ductile, 
hence it can be made into very fine wire and very thin foil. Since 
it becomes soft at red heat, it*can be easily worked. Alloyed with 
a few per cent of iridium it finds various uses. Particularly when 
finely divided it absorbs oxygen, a property to which is attributed 
the phenomenon that numerous oxidations proceed with unusual 
ease in the presence of platinum. When the metal is precipitateii 
from its solutions by reducing agents, it is frequently obtained as 
an extremely fine velvet-black powder, platinum black. When the 
double chloride (NH^)2PtCl, is ignited the metal remains as a 
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porous mass — platinum sponge. At red heat a platinum partition 
Allows hydrogen to pass through, while other gases are held back. 
This is probably due to the formation of a compound or the 
solubility of hydrogen in platinum. Various substances attack* 
platinum at elevated temperatures, e.g. the hydroxides, cyanides 
and sulphides of the alkalies; hence these substances should not 
be fused in platinum vessels. This also applies to lead and other 
heavy metals, ior they form low-melting alloys with platinum. 

There are two sets of platinum compounds according to the 
general formula PtX^ and PtX^. The best known platinum com- 
pound is hydrochlorplatinic acid, H,PtCl,, obtained by dissolving 
platinum in aqua regia. When the solution is evaporated the 
acid is left in the form of largo reddish-brown, very hygroscopic 
prisms. Their aqueous solution contains the anion PtCl/', 
since the platinum is deposited at the anode in an electrolysis 
(when ions of a metal itself exist in a solution they are always 
deposited at the cathode) ; silver nitrate does not precipitate silver 
chloride from the solution, which it would certainly do if free 
chlorine ions were present, but the compound Ag^PtCl,. Two 
characteristic salts of this acid are those of potassium and am- 
monium; they are very difficultly soluble in water and insoluble 
in alcohol; when the aqueous solution is evaporated the salt 
remains in the form of beautiful little octahedrons of a golden hue. 
The potassium salt is often made use of in determining potassium 
when sodium is also present, the sodium platinic chloride being 
very soluble, even in alcohol. 

Of the remaining platinum compounds a few may be referred 
to. If a solution of the above acid, H,PtClg, is treated with 
sodium hydroxide and then with acetic acid, platinum hydroxide, 
Pt(OH)^, is precipitated. It is soluble in strong acids and also in 
alkalies, so that basic as well as acidic properties must be ascribed 
to it {platinic acid). Salts of this acid are moreover formed when 
platinum is fused with alkalies. Platinous chloride, PtCl,, is 
produced by heating hydrochlorplatinic acid to 200° and in small 
amount also when the solution of this acid is strongly concen- 
trated. It is a green powder, insoluble in water. With the 
alkali chlorides it gives soluble double salts, such as PtCl,.2NaCl. 
Double cyanides of platinum with many metals are also known, 
e.g. K,PtCy, + 311,0, BaPtCy, + 411,0, etc. The latter has come 
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iuto prominence because of its ability to make Tlontgeii rays vis- 
ible. All these double salts are noted for their beautiful colors 
and strong dichroism. 

By forming an electric arc between platinum wires under distilled water 
Bredig brought about such a minute division of the platinum that the 
particles would pass through a filter and no distinct particles could be 
detected in the liquid with the aid of the most powerful microscope. A 
X)latinum liquid of this sort has a deep black color and a strong catalytic 
effect, which resemhles in many respects the action of organic ferments. 
This is seen in the extremely small quantities sufficient to have a catalytic 
effect; for instance, 1 gram atom of platinum in 70 million liters of water 
accelerates the decomposition of hydrogen peroxide very perceptibly. It 
also follows from the fact that the catalytic effect of the platinum liquid, 
like that of organic ferments, alters slowly of itself but more rapidly on 
the addition of certain substances or on warming. Especially striking is 
the analogy as concerning the property of being made inactive by slight 
traces of certain poisons : lO-' gram molecule HCN in a liter is sufficient 
to seriously diminish the effect and corrosive sublimate acts in much the 
same manner. 

AKMONIA COMPOUNDS OF THE M2TALS OF THE EIGHTH OKOTJF. 

817. The elements of the eighth group, especially cobalt and plat- 
inum, besides a few elements of. other groups (Cu, Cr, etc.) can form 
** metal-ammonia compounds." The empirical composition of these sub- 
stances represents them as salts to which one or more molecules of am- 
monia have been added. Such compounds of cobalt are formed when 
ammonia is added to a solution of cobalt chloride, bromide, nitrate or the 
like until the precipitate first formed is redissolved. A solution of this 
sort absorbs oxygen from the air ; if after a time some of the same acid 
is added from which the cobalt salt is derived, a brick-red crystalline 
powder separates out having the composition, CoaCU(NIl8)io-2H90, or 
Co«(NO»)«(NH»)io -21120, for example. These compounds are termed roseo- 
cobalt salts (chloride, nitrate, etc.). They yield purpureo-cobalt salts when 
their solutions in acids are gently warmed. The latter have the composi- 
tion CoaX6(NH»)io , where X = CI, Br, N0«, etc., and have a violet or pur- 
ple color. — Another class of compounds is the luteo-cobalt salts ; Inteo- 
cobalt chloride, CosCUCNHOia , e.g., is obtained by adding ammonium 
chloride and an oxidizing agent (bromine) to a cobaltous chloride solution 
rendered alkaline with ammonia. This compound crystallizes in reddish- 
yellow prisms, which dissolve slowly in cold water. — Farther, compounds 
are known which are derived from the preceding in such a way that NO. 
groups replace chlorine, etc., e.g., Co«Cla(NOa)4(NHi)e, cr oceo-cobalt 
chloride; CoaCU(N03)9(NH9)io, xan tho-cobal t chloride; CoaCla 
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(N02)4(NHi)io, flavo-cobalt chloride. They are obtained by the 
action of nitrous acid on ammoniacal cobalt solutions. 

Platinum also has numerous groups of metal-ammonia compounds. Let 
us consider a few : If a solution of platinous chloride in hydrochloric acid 
is treated with ammonia, a green precipitate is formed ; on boiling the 
mixture there is formed an insoluble compound, Pl(NH»)4Cl« + H«0, 
plato-diammonium chloride (green salt of Magnus) and in the 
solution another is formed, plato-semi-diammonium chlo- 
ride, PtCU(NHs)3 ; both of them form salts in which bromine, iodine or 
NOi appears in place of the chlorine. On heating the plato-diammonium 
chloride to 220''-270** platosammonium chloride, PtCl,(NH«)s, 
is formed ; it is yellow, crystalline and sparingly soluble in water. It can 
be oxidized (with chlorine) to a platinammonium chloride, 
Pt(NHi)9C1« ; in a similar manner plato-diammonium chloride yields a 
platin-diammonium chloride, Pt(NHs)4Cl4 , and so on. A large 
number of these metal-ammonia compounds have been discovered by 

JORGENSEN. 

In 1893 Werner suggested a plan for classifying these compounds 
and inasmuch as his views are of general importance in inorganic chem- 
istry a few pages at the end of this book may be devoted to the subject. 

He divides the compounds in question into two classes. The first 
class comprises those compounds which contain six NHt molecules for 
one metallic atom or are derivatives of such according to certain rales. 
The compounds of the second class contain four NHa molecules to one 
metallic atom. As examples we may take : 

Co(NH,).01. Cu(NH.)4(N0.), 

Luteo-cobalt chloride Copper-annnonia nitrate 

According to the valence of the metallic atom these classes can be 
divided into different groups ; for instance, the first can be divided into : 
Pt(NH.).Cl4 ; Co(NH,).Cl, ; Ni(NH.)«CI,. 

Ptiv Coin NiW 

From the compounds which contain the M(NHi)« complex (M = me- 
tallic atom) analogous compounds can be derived by substituting NH* 
molecules with others. However, the total number of molecules in com- 
bination with the metallic salt remains six. Particularly HsO is capable 
of replacing NH*. 

The following are examples of this sort of substitution : 

Cr(NH.).Cl. ; Or(NH,)»(HaO)Cl. ; Ni(NH.),(H,0).SO,. 

From the compounds just mentioned, i.e. those containing an MAc 
complex (where A can be ammonia or water or another molecule), others 
are derived by the loss of A molecules, e.g. : 

CoCNHOeX, ; Co(NH,)5X, ; OoCNHO^X, ; Co(NH3),X. 
Luteosalu Purpureo salts Praseo salts Hezamine salt* 
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The same applies to the compounds of the second class. NHt can 
be substituted by various other molecules and the compounds M(NHa)4Xs 
can lose NH* and go over into compounds which bear a definite relation to 
the former, e.g. : 

Pt(NH,),Cl, ; Pt(NH.).Cl, ; Pt(NHOaCl, 

Plato-diammine chloride PlAto-mono-diammine chloride Platosammine chloride 

These two large classes of metal-ammonia compounds comprise all 
known compounds of this sort. Their classification is thus simple. 

818. The loss of ammonia just referred to is accompanied by an im- 
portant change in the structure of these complex compounds. Let us take 
the luteo-chlorides as an example in order to discuss this. Their aqueous 
solutions are strongly ionized, as the high electrical conductivity shows. 
The existing ions must be [Co(NH06] and 3Cr, for in the first place all the 
ehlorine can be precipitated directly with a silve): solution, wherefore all 
three chlorine atoms must exist as ions, and in the second place the solu- 
tion gives neither the ordinary reactions of cobalt nor those of ammonia. 
If, however, a luteo salt is converted into a purpureo salt by the loss of 
INHs, one of the halogen atoms loses at the same time the ability to act 
as an ion, which is evident from the fact that silver nitrate directly pre- 
cipitates but two thirds of the chlorine atoms from a dissolved purpureo- 
cbloride solution; moreover the electrical conductivity is considerably less- 
ened. The same statements apply to the transformation of purpureo-chlo- 
ride into praseo-chloride, the latter of which can be shown in a similar 
manner to contain only chlorine ion in aqueous solution. Finally in the 
hexamine salts all ionization has disappeared ; the solution of hexamine- 
cobalt nitrite, Co(NH3)i(NOs)i, for example, was found to be practically a 
non-conductor. 

It must therefore be assumed that the solution of a luteo salt contains 
the trivalent ion [Co(NHsJ8] besides three anions; a solution of a purpureo 

salt, the bivalent ion i Co^ ^ '^* and two anions; a solution of the praseo 
salts, the univalent ion I Co^ x ^"^ one anion; while in the hexa- 



mine compounds the complex Co^ y '* is non-ion izable, or in other words 

neutral (nuUivalent). Entirely analogous to this is the behavior of the 
compounds of the second class in their progressive loss of ammonia mole- 
cules. It is interesting in this connection to note that in the first class the 
number of groups, or elements substituting them, present in the complex 
ion in addition to the metal is always six, in the second class always four. 
Werner assumes that these are directly united with the metal, while the 
ionizable halogen atoms or negative groups are indirectly connected with 
the metallic atom through ammonia. 

819. Not less worthy of note is the effect of still further substitution 
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of ammonia by negative groups or elements. The neutral complex 
I Co^ ^ ■'• is then converted into a negative ion. Thus we have the series 

[;Co(Nn.;.]x.; [co(gH;).]x,; [cofNH.j.Jx; 

Luteo salt XanCho nalt Croceo salt 

rprNH,),"]'. rro(NH.),1' xr 

L°°(NO.).J • L (^0,)J ^ 

Hexamine cobalt nitrite Tetramine potassium colMiltic nitrite 
As the last one of the series we must regard the potassium cobaitio 
nitrite described in § 810 : 

[Co(NO,).]'"K.. 

The number of compounds containing such a complex MXc as trivalent 
ion is very large. It is here sufficient to note that potassium ferricyanide 
Ki[FeCy6] and the analogous cyanides of cobalt, iridium, rhodium, etc.» 
belong in this category. 

In the other classes where the metal is quadrivalent (Pt) or bivalent 
(Ni) the relations correspond throughout. Whenever a molecule of NH» 
goes out, one of the negative atoms or groups enters the complex cation, 
which thus gradually becomes less positive and finally acts as an anion. 
There are also numerous compounds of this class whose composition for- 
merly appeared to be absolutely irregular. From [Pt(NHi)«]X4 we obtain 

the indifferent platinamines Pt^ ^ '^^ L while a substitution of the last 



two NHi groups by halogen leads to the bivalent anion (PtXe)", whicli 
must be assumed in potassium platinic chloride and elsewhere (§ 316). In 
connection wijth these we also have analogous compounds of tin, as 
(NH4)a(SnCU), pink salt, and further hydrofluosilicic acid H«(SiF«) and its 
salts, etc., etc. 

By an analogous substitution of ammonia in [M(NH»)6]Xs we arrive- 
again in the third subdivision (see above) at a number of known com- 
pounds. Complete substitution of NH* by negative groups or atoms must 
lead here to a quadrivalent anion and experiments show this to be true; 
an illustration is found in potassium ferrocyanide and its analogues. 

Numerous metal-ammonia compounds and 'Mouble salts" thus come 
to arrange themselves in a simple classification, based on the hypothesis 
that tlie metals in question Jiave the property of forming complex ions 
with six molecules (NH,, HaO, etc.) or atoms. 

This hypothesis leads to various other conclusions, the discussion of 
which, however, will not be undertaken here. 
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Abel, 811 

Abraum salts of Stassfurt, 67, 306. 

352, 403 
Absolute weight of atoms, 30 
Absorption spectra, 565, 406 
Acceptor, IW 
Accumulator, 883 
Acetylene, 238 
Acidimetry, 329 
Acids, 40. 100 
Acid chlorides. 188 
Acids, dibasic, 127 
Acids, monobasic, 86 
Acid salts, 127 
Acid sodium carbonate, 305 
Actinium, 419 
Active chromium, 410 
Air. 160 
Alabaster, 855 
Alchemists, 349 
Algaroth powder, 223 
Alkalimetry. 329 
Allotropism. 52. 105. 147, 150, 192. 

211, 227, 230, 252. 262, 395 
Alloys, 221, 226, 262, 334, 341, 372, 

398, 486. 440 
Aludels. 374 
Alumina, 399 
Aluminates, 400 
Aluminium, 897 

bronze, 398 

chloride, 400 

hydroxide, 899 

in steel. 429 

oxide, 399 

silicate, 401 

sulphate, 401 
Alums, 401 
Alum stone. 401 
Alunite. 401 
Amalgams, 375 
Amalgam, aluminium, 399 

ammonium, ITO 

tin, 262 



j Amalgamation process (silver), 339 
; Amblygonite, 293 
I Amethyst, 256 

Amides. 188 
I Amidophosphoric acid. 211 

Amido-sulphonate. 189 
I -snlphouic acid, 189 
; Ammonia. 168 

compounds of the metals of the 
eighth group, 449 
Ammonium, 170 y 315 

amalgam, 170 

carbonate, 817 

chloride. 315 

hydroxide, 170 

magnesium phosphate, 206 

me ta vanadate, 408 

nitrate, Sm^ 357 

phosphate, 316 

sesquicarbonate, 317 

sulphate. 316 

sulphide, 317 
Amorphous substance, 303 
Amphoteric reaction, 300 
Analysis, hydrogen sulphide in, 115 
Analysis, volumetric. See Volumetric 

analysis. 
Anatase, 407 
Anaxagoras, 29 
Anhydride, acid, 86 

mixed, 180, 187 
Anions. 98 
Antichlor, 12S, 298 
Antimonic acid, 224 
Antimony, 220 

butter, 222 

pentachloride. 222 

pentoxide, 224 

pentasulphide, 225 

tetroxide, 224 

trichloride. 222 

trioxide, 223 

trisulphide. 224 

vermilion, 225 

447 
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Antimonyl, 234 
Antiseptic, 878, 396 
Anglesite, 272 
Apatite, 190, 854 
Aqua regia. 188 
Aragonite, 854, 859 
Argentite, 888 
Argon, 161, 165, 293 
Argyrodite, 260 
Aristotle, 850 
Arrheniub, 97 101, 887 
Arsenic, 311 

acid, 218 

meal. 216 

oxide, 217 

sulphides, 219 

salpbo-salts, 219 

trichloride, 215 

white, 213, S16 
Arseni-tungstates, 417 
Arsenious acid, 217 

oxide. 215 
Arsenolite, 211 
Araenopyrite, 211 
Arsine, 212 
Asbestus, 862 
Atmosphere, 160 

of the sun, 870 
Atomic heat, 276 

theory, 29 

volume, 281 

weights, 81 
Determination of, 49, 274, 388 
Table of, 84 
Atoms, 29 

Auric compounds. 848, 349 
Aurous chloride, 848 

oxide, 848 
Aurum musivum, 267 
AvOQADRO's hypothesis, 4Jf^ 47, 49, 

52, 60. 279 
Azides, 173 
Azurite, 333 

Bacteria. 186, 310 
Babter, 142 
Baker, 816 
Balard. 67, 86 
Balmer. 868 
Barite, 364 
Barium, 364 

compounds, 364 

peroxide, 52 
Baryta- water. 364 
Bases, 40, 100 
Basiltus Valentinus, 221 
Baum6 degrees, 135, 140 
Bauxite. 899 

Beckm ANN'S apparatus, 65 
BECqUEREL, 418 



Bell metal, 362 

Bernthsen, 129 

Berthelot, 50, 150, 156. 176, 238 

Berthelot - Mauler calorimetrio 

bomb, 152 
Beryl, 851 
Beryllium, 286, 351 
Berzblius, 25, 30, 81, 146, 267, 280, 

290,380 
Bessemer process, 427 
Bimolecular reactions, 79, 246 
Bismuth, 225 

chloride, 326 

glance, 225 

hydroxide, 227 

oxides, 226 

oxy chloride, 236 

subnitrate, 327 

sulphate, 237 

sulphides, 228 
Bismuthic acid, 227 
Black ash, 801 

process. 802 
Blanc ilxe, 864 
Blast furnace, 424, 436 
Bleaching, 87, 123 
Bleach ing-powder, 8S, 358 
Blende, 870 
Bodenstein, 16 

BODLANDER, 345 

Boiling-point, elevation of, 60 
Bone, 289 
Boneblack. 191, .233 
Borax, 894, 396 
Boric acid, 896 

anhydride, 896 
Boron, 894 

compounds, 895, 896 
Boussinqault, 162 
BovLE, 350 

Boyle's law, 67, 58, 167 
Brand. 190 
Brass, 834 
Brauner, 292 
Bredig, 349, 448 
Bricks. 402 

Brioos logarithms, 881 
Brimstone, 103 
Bromine, C7 

Oxygen compounds of, 98 
Bronze, phosphorus, 193, 262 

sili^n, 262 
Bronzes, 262 
Brookite, 407 

Browning, J., spectroscope, 366 
Bruhl, 54 
Bunsen. 813. 866, 868 

and KiRCHHOPF, 418 

burner. 249 

cell, 384 
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Burette, 146 

Cadmiam, 874 
Caesium, 812 
Cain, 239 
Calamine, 370 
Calcarone, 102 
Calcining. 884, 424 
Calcite, 354. 859 
Calcium, 854 

carbide, 288 

carbonate, 859 

chloride, 821, 856 

fluoride. 858 

hydroxide, 355 

hypochlorite, 858 

manganite, 421 

nitrate, 859 

oxalate, 860 

oxide, 855 

peroxide, 856 

phosphates, 859 

plumbate, 271 

silicate, 861 

sulphate, 320. 358 

sulphide, 363 
Calomel, 376 
Caloric effect, 28, 150, 818, 326, 898 

determination of, 152 
Calorimeter, 152 
Calx. 161 
Carat, 346 > 
Carbonado, 220 ^ 
Carbides, 286, 238. 487, 418 
Carbon, 229 

amorphous, 233 

dioxide. 242 

disulphide, 245 

monoxide, 239 

oxysulphide, 241 

tetrachloride, 239 

tetrafluoride, 286 
Carbonic acid, 244 
CarLx>nyl-hiemoglobin, 242 
Carborundum, 236 
Carburetting. 240 
Carnallite, 306, 352, 403 
Caro'8 liquid, 142 
Cassiterite, 261 
Cast iron, 427 - 
Catalysis, 15. 36. 54, 77, 125, 129, 187, 

175, 185, 316, 358. 443 
Cations, 98 
Caustic potash, 807 

soda, 295 
Cavendish, 18, 161 
Celestite, 368 
Celsius, 21 
Cement, 356 
Ceramics, 401 



Cerargyrite, 888 
Cerite, 404 
Cerium, 405 
Cerussite, 268 
Chalcocite, 833 
Chalcopyrite, 888 
Chalk, 854 

Chameleon minerale, 422 
Chamber acid, 185 
Chance method, 308 
Charcoal, animal, 191 

wood, 238 
Chemical operations, 5 

attraction, 87 
Chemistry, field of, 8 
Chili saltpetre. 72, 183, 294, S99, 809 
Chinese white, 872 
Chloric acid, 91 
Chloride of lime, 357 
Chlori nation process (gold), 846 
Chlorine, 35 

oxygen compounds of, 86 
Chlorous acid, 90 
Chlorosulphuric acid, 141 
Chromates, 418 
Chrome alum, 418 

green, 411 

yellow, 415 
Chrom-sulphuric acids, 412 
Chromic anhydride, 418 

oxide, 411 

sulphate, 412 
Chromite, 409, 411 
Chromium, 409 

chloride, 411 

in steel, 429 

oxychloride, 415 
Chromous acetate, 411 

chloride, 411 

hydroxide, 411 
Chromyl chloride, 415 
Chrysoberyl, 851 
Cinnabar, 374 
Clarke, 9 
Clay, 397. 401 
CleveYte, 161 
Coal. 284 
Coarse metal, 333 
Cobalt, 434 

compounds (ammonia), 448 

glance. 484 

oxides, 434 
Cobaltic compounds, 435 
Cobaltite, 211, 434 
Cobaltous compounds, 435 
Cohen, 388 
Coke. 283, 434 
Colcothar, 431 

Cold'hot tube of db Ville, 124 
i Colemanite, 396 
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Colloidal solutioDs, 257, 849, 400, 431 
Colloids, 257 
Colainbium, 409 
Combustion, 13, 160 
Compensator, 73 
Compound, 27 
Condenser, 6 

Conductivity, electrical. 20, 97, 263, 
815, 825, 841. 861, 445 

molecular, 99 
Conservation of matter, 17 

energy, 151, 152 
Constancy of natural phenomena, 8 
Contact action. See Catalysis 

method (sulphuric acid), 137 
Converter, 427 
Copper, 888 

ammonia compounds, SSSj 401 

arsenite, 888 

carbonate, 837 

chloride, 819 

nitrate. 887, 444 

sulphate, 387 

sulphide, 888 
Copperas, 481 

Corrosive sublimate, 377 ^ 378 
Corundum, 897 

Counter-current principle, 20^ 802 
COURTOIS, 71 
Covering power. 272 
Cream of tartar, 224 
Croceo-cobait chloride. 448 
Crocol'te, 268, 409 
Crookbs, 184. 403 
Cryohydric point, 821, 357 
Cryohydrate, 821 
Cryolite, 294. 397, 401 
Cryoscopy, 65 
Crystallization, 6 
Crystalloids, 257 
Cup and cone apparatus, 425 
Cupellation, 839, 345, 347 
Cupric bromide, 837 

chloride, 335, 336 

hydroxide, 336 

iodide, 837 

oxide, 336 
Cuprite, 838 
Cuprous cyanide, 385 

oxide, 834 
Curie. 418 

CURTIUS, 172 

Cyanide process (gold), 345 

Cyanogen, "ZAb 

Dalton, 29. 43 

Daniell cell, 381 

Davy, 280. 250, 294, 806, 380 

Deacon process (chlorine), 86 

Decantation, 5 



Decomposition reactions, 41 
Dbmooritds, 29 
Dephlogisticated air, 161 
Depressiraeter, 65 
Desiccators, 140 
Detonating gas, 16, 24 
Dkvillk, 8tk. Clairk, 76, 124, 398 
Dkwar, 14, 15 
Dialysis, 257, 481 
Diamide, 172 
Diamond, 280 
Didymium. 406 
Dilatometer, 108 
Dippkl's animal oil, 191 
Disinfection, 87, 87t}, 481 
Dissociation, 72, 76, 97, 118, 121,138, 
140, 147, 180, 184, 201, 216, 25U, 
316, 848. 360, 376, 432 
electrolytic, 96, 127. 205. 210, 244, 
245. 296, 315. 325, 331. 887, 842. 
852, 361, 878, 37«, 879, 380, 430, 
482, 485. 445 
hydrolytic, 263. 266, 329, 882, 341. 
854, 876, 877, 895, 897, 400, 403, 
407. 481 
tension, 892 
Distillation, 6, 20 

fractional, 6 
Dithionic acid, 143 
Di variant system, 112 

DOEBERBINBR, 280 

Dolomite, 352 

Double silts. See Salts, double 
Drdmmond lime light, 15, 407 
DcLONo and Petit, law of, f7i 

371 
Dumas, 25. 26, 162, 236 

Earthenware, 402 

Earth's crust, composition of, 9 

Eau de Javelle, 88 

Eka-aluminium, 402 
-boron, 406 

Electrical conductivity. See Conduc- 
tivity 

Electric furnace, :231, 238, 253. 256, 
355, 409. 417 

Electrochemical series, 391, 392, 410 

Electrochemistry, 880 

Electrolysis, 25. 41. 82, 128, 142, 171, 
227, 293. 294. 804, 306, 809. 333, 
840, 341, 345, 352, 855, 863, 864, 
392, 498, 410, 415, 417, 442 

Electrolytic separation of the metals, 
342 
soda- process. 304 

Electromotive force, 381, 389, 410 

Electrotyping, 384 

Elements, 7, 279. 849 

Emerald, 851 
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Emery, 897 
Empedocles, 20 

Endotbermic compoands, 178, 174, 
176. 179, 181, 218, 289, 245 

reactions, J 52^ 155 
Epsom salt, 854 
Equations, 82 

Equilibrium, 77, 88, 99. 101, 116, 137. 
156. 157, 171, 180, 194, 206, 215. 
240, 250. 808. 816. 818, 820, 835. 
358. 857, 860, 880, 426, 480 

heterogeneous. 109, 860. 440 

state of, 78 
Equivalent weigbts, 32, 276. 288 
Erbia, 406 
Etcb-figures, 279 
Ethylene. 288 

Eudiometric analysis of air. 162 
Eatectic point, 821 
Euxenite. 404 

Exothermic reactions, 152, 155 
FyaMAN. 65 

Faraday, 80 
Feldspar. 397 
Ferric chloride. 482 

hydroxide, 481 

oxide, 481 

sulphate, 482 
Ferrocyanic acid, 483 
Ferrous carbonate, 431 

chlor.de, 430 

ferric oxide, 481 

hydroxide. 480 

oxide, 480 

sulphate. 481 
Feuerluft, 161 
Filtration, 5 
Fire damp, 287 
Flame, 247 

spectrum, 866 
Flash light, 852 
FlaTo-cobalt chloride, 444 
Flowers of sulphur. 103 
Fluorine, 82 
Fluor spar, 82. 84. 858 
Flux, SSS, 424 
Formula, 81 

empirical, 66 

structural. 141 
Fraunhoper lines, 869 
Freezing mixture, 857 

-point, depression of, SO, 96, 822. 
402 
Fremy. 290 
Fuels, 284 
Fumaroles, 896 
Furnace, black ash, 302 

electric, 231, 238. 258. 256, 355, 
409. 417 



Furnace, pyrite, of Olivier and Per- 
UOT, 131 
Perrot, 73 
reverberatory, 889 
salt cake, 801 

Gadolinite, 404 
Galenite, 268, 838 
Gallium, 289. 402 
Galvanic cells, 880 
Galvanized iron, 372, 891 
Garnierite, 436 
Gas carbon, 238 
Gatterhann, 75 
Gay Lu88AC, 71, 90, 294 
tower, 134, 189 
law of. 57. 58 
Geber. 188 
Germanium, 260, 289 
German silver. 334, 486 
Gersdorffite, 486 
GiBBS. 108 

Glacial phosphoric acid, 207 
Glass, 361 

etching, 85, 254 
Glauber's salt. See Sodium sulphate 
Gix)ver tower, 134, 187 
Glucinum, 351 
Gold, 344 

compounds. See Aureus compounds 
and Auric compounds 

-plating. 847 
GoLDSCHMiDT reduction method, 898, 

407, 417. 420 
Graduation salt process, 296 
Graham. 257 
Gram equivalent. 145 

-molecule, 83 
Graphite. 233 
Graphitic acid, 233 
Grove's gas battery, 387 
Guignet's green. 411 
Gun-metal. 262 
Gunpowder, 310 
GuTZEiT's test (arsenic), 213 
Gypsum. 354, 358 

Halite. 294 

Hall process (aluminium), 898 

Hammer scale. 18 

Hampson, 165 

Hardness of water, 360 

Hargreaves' method. 298 

Hart, 184 

Hartshorn, salt of. 817 

Hatfield. 395 

Hausniannite, 420 

Heat, atomic, 276 

molecular. 167, 276 

of dilution, 152 
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Heat of formation, 160, 153, 154, 156 

neutralization, 162. 820 

solution. 152, 157, 818 
specific, 274 
Heavy spar, 864 
Helium, 870 
Hematite, 424 
Henry's law, 12, 89. 129 
Hepar sulpburis, 812 
Ueroult, 898 
Hess, law of, 152 
Hexamine cobalt salts, 444 
HlTTORFP, 410 
HOFMANN, 26 
HOITSEHA, 440 

Hopper crystal of salt, 298 
Horn silver, 3S8, 842 
Hydraulic mining. 846 
Hydrazine, 172 
Hydrazoic acid, 172 
Hydrazonium liydroxide, 172 
Hydriodic acid, 74 
Hydrobromic acid, 69 
Hydrocarbons, 287 
Hydrochlor-auric acid, 848 
Hydrocbloric acid, 88 
composition of, 41 
Hydrochlor-plalinic acid, 442 
Hydrofluoboric acid. 896 
Hydrofiuoric acid, 84 
Hydrolluosilicic acid. 254, 446 
Ilydrogele, ^58, 886, 849, 399. 411, 

481 
Hydrogen, 14 

antimonide, 221 

arsenide, 212 

cyanide, 246 

peroxide, 52, 345, 415, 443 

persulpbide, 118 

pbospbide, 196 
liquid, 199 
solid, 200 

selenide, 147 

silicide, 253 

telluride, 148 
Hydrolysis. Bee Dissociation, hydro- 

lytic 
Hydroperoxide, 148 
Hydroxyl. 141 
Hydroxylamine, 174 

-disulpbonic acid, 189 
Hypo, 127 
Hypocblorous acid. 87 

beat of formation, 154 

oxide. 86 
Hyponitrous acid, 182 
Hypopbospboric acid, 208 
Hypopbospborous acid, 210 
Hyposulpburous acid, 128 
Hypotbesis, 2 



Ice-macbiue, 169 
Ice stone, 294, 897 
Illaminating gas, 488, 484 
Incandescent electric ligbt of Kerkst. 
408 

gas ligbt (Welbbach), 407 
Indelible ink, 844 
Indicators, 881 
Indium, 288, 408 
Inversion, point of, 106 
Iodine, 71 

cblo rides, 85 

oxygen compounds of, 48 
lodometry, lU* 218, 298 
Ionic equation, 116, 127, 128. 264,268. 
295, 835, 371, 883, 414, 422. 432 

tbeory, 98, 116 
Ionization. See Dissociation, electro- 
lytic 
Ions, 825, 835, 342, 871, 872, 401, 412, 
414, 422, 442, 445 

valence of, 120 
Iridosmine, 489 
Iridium, 489 
Iron, 424 

and carbon monoxide, 484 
Isomorpbism, 278 
Isotonic solutions, 62 

Jasper, 256 
JOrgenben, 444 

Kainite. 806, 852 
Kaolin, 397. 401 
Kabbner, 271 
Katber, 368 
Kelp, 72 
Kermes, 225 
Kermesite. 225 
Kieserite. 852 
Kindling-point, 185 
Kinetic tbeory, 49, 239 
KiPP generator, 113 
KiRCHuoPF, 818. 866, 868 

KOHLRAUBCH, 20 

Kopp, 276 
Krause, 280 
Krypton, 167, 292 

Lampblack, 284 

Lantbanum, 406 

Lapis lazuli, 402 

Lavoisier. 11, 14, 18, 160, 280 

Lavoisier's experiment, 11 

Law of AvoGADRO, U» 47. 49, 52, 60, 

279 

constant composition (definite pro- 
portions), 29 

DuLONO and Petit, 274 

Gat Lubsac, 48 
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Law of Henry, 12, 89, 815 
Hbsb, 153 

MiTSCHERLICH, 278 

multiple proportions, 80 
chemical mass action, 78 
Neumann, 276 
octaves, 280 

thermoneatrality, SS7, 878 
Lead, 268 

alaminate, 899 

carbonate, 273 

cbamber crystals, 181, 186, 188 

chambers, 184 

chloride, 271 

chromate, 415 

glass, 861 

nitrate, 272 

oxides, 269 

peroxide, 272, 888 

persulphate, 272 

sulphate, 272 

sulphide, 278 

tree, 268 

white, 272 
Le Blanc soda process, 140, SOO, 809, 

811 
Le Cb atelier, 859 
Lb Chatblibr's rule, 156, 180, 240, 

820 
LECLANCHi cell, 884 
Lecoq de Boisbaudran, 868, 402 
Lepidolite, 298, 812 
Leucippus. 29 

Letdenfrost phenomenon, 165 
Lime, 855, 856 
Limestone, 229, 854. 855 
LiNDB, 165 
Liquation, 261 
Liquefaction of air, 165 
Litharge, 270, 387 
Lithia mica, 293, 812 
Lithium. 298 

LoBRT DE Bruyn. 172, 174 
Lunar caustic, 844 
L&FKB cell, 885 
Luteo-cobalt salts, 443 

Magnalium, 898 
Magnesia, 853 

alba, 854 

mixture, 218 

usta, 858 
Magnesite, 852 
Magnesium, 852 

ammonium phosphate, 854 

boride, 895 

carbonate, 854 

chloride, 853 

hydroxide, 858 

nitride. 169, S52 



Magnesium oxide, 358 

sulphate, 354 
Magnetite, 424. 482 
Magnus, green bait of, 6 
Malachite, 883 
Malleable iron, 427 
Manganese, 420 
dioxide, 85, 421 
in steel, 429 
Manganic compounds, 421 

acid, 422 
Manganous compounds, 420 
Marble, 354, 360 
Marignac, 60 
Marl, 854 
Marsh gas, 287 
Marsh test, 214, 332 
Massicot, 270 
Masuhi Chikasiiige, 292 
Matches, 195 
Matte, 838 
Matter, 8, 291 
McCoy' 8 apparatus, 67 
Meerschaum, 353 
Mellitic acid. 285 
Mendel^efp. 280. 288, 286, 289, 292, 

402,406 
Mendel^eff's table (periodic sys- 
tem). 284 
Menschino, 231 

Mercuric ammonium chloride, 876 
chloride, 377 
cyanide, 378 
halides, alkali, 878 
iodide. 877 
nitrate, 878 
oxide. 10, 577 
sulphate, 379 
sulphide, 879 
Mercurous compounds, 876 
Mercury. 874 
Metaboric acid, 896 
Metal-ammonia compounds, 448 
Metalloids, 8 
Metallurgy of iron, 424 
Metaphosphoric acid, 207 
Metaphosphorous acid, 209 
Metastable system, 824 
Metastannic acid, 266 
Methane, 237 
'Methyl orange, 882 
Meyer, Lothar, 41, 280, 291, 292 
Meyer, Victor, 45, 72, 221 
Mica, 397 

Microcosmie salt, 317 
Miners' safety lamp, 250 
Minium, 270 
Mispickel, 211 
Mit8cherlich*s law, 278 
test, 195 
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Mixture, 27, 164 

Mobile equilibrium, Van't Hoff'b 

principle of, 167, 318, 337 
Moiik's salt, 431 
MOI88AN. 82, 85. 231. 238, 236. 253, 

407, 409 
Mol, 33 

Molecular depression, 64 
elevation, 64 
lieat. 167, 276 
weight. 45 
determination of, 48 

by boiling-point method, 65, 
216 
freezing-point method, 65^ 
294 
Molecules, 30, 44 
Molybdenite. 416 
Molybdenum. 416 

troxide, 416 
Molybdic acid, 416 
Monazite sand. 407 
MOKLEY, 85 
Mortar, 356 
Mosaic gold, 267 
Muriatic acid. 89 
MUTHMANN, 416 

Nascent state. 88. 53 

Natural gas, 237 

Negative (photography), 344 

Neodymium. 406 

Neon, 167, 292 

Nernst, 269, 880, 393 

light, 408 
Nessler's solution, 877 
Newlands, 380 
Newton's metal, 226 
Neumann's law, 276 
Niccolite, 436 
Nickel, 486 

compounds, 436 

glance, 436 

plating, 436 

steel, 429 
Niobium, 409 
Nitramide, 189 
Nitric acid. 183 

oxide. 177 
Nitrides, 160 
Nitrogen, 158 

acid derivatives of, 186 

dioxide and tetroxide, 179 

halogen compounds of, 173 

hydrogen compounds of, 168 

oxygen compounds of, 175 

ioaide. 174 

oxygen acids, 181 

pentoxide, 181 

trichloride, 173 



Nitrosyl, 187 

chloride. 188 

potassium sulphate. 172 

sulphuric acid, 131. 187 
Nitrous acid, 182 

oxide. 176, 316 

vitriol, 187 
Nobel, 311 
NordenskiOld, 161 
Normal solution, 145 
Non variant system, 112 

Occlusion, 15, 440 

Oil of vitriol, 137 

Olivier, 131 

Onyx, 256 

Oi)en-hearth process (steel). 428 

Orpiment, 211, 213, 219 

Orthite, 404 

Orthopliosphoric acid, 205 

Osmium, 290, 439 

-iridium, 438 
Osmotic pressure, 57. 96, 157, 380 
OsTWALD. 83, 36. 210. 322, 324, 327. 

328, 335, 358. 409. 412 
Oxidation, 13, 193, 263 

cell. 385 
Oxide, 13, 95 
Oxygen, 10, 49, 271 

group, summary of, 149 
Oxy-hsDmoglobin, 242 

-hydrogen blowpipe, 15 
Ozone. ^9, 196, 419, 423 

Palladium, 440 

Paris green. 3b8 

Parkes' silver process. 840 

Pa RM en IDES, 29 

Partial decomposition, 77 
Passive resistances, 158 
• Passivity of iron, 430 
Pasteur-Chamberland filter, 23 
Patio, 339 
Pattinsonizing, 339 
Peat, 234 

Penicillium brevicaule, 214, 215 
Perchloric acid. 92 
Perchromic acid, 415 
Periodic system. 279 

objections to, i9S, 351 
Permanent white, 364 
Perrot, 131 
Persulphuric acid, 142 
Pfefper, 58, 59 
Phase rule of Gibbs, 108, 119, 299, 

320. 360, 440 
Phenol-phtaleYn, 882 
Phlogiston, 160 
Phosgene, 241 
Phospham, 211 
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Phospliainide, 211 
Phoepbine, 196 
Pbospbonium iodide, 198 
Pbospborite, 189. 354 
Phospborous acid, 209 
Pbospboriis, 189 

acids. 203 

balogen compounds, 202 

in iron, 428 

nitrogen compounds, 211 

oxides, 202 

oxycbloride, 201 

pentacbloride, 200 

sulpbur compounds, 210 

tricbloride, 200 
Pbospo-tungatates, 417 
Photograpby, 127, S43 
Pbysical and chemical processes, 3 
PiCTET, 158 
Pig iron, 427 
Pink salt, 266, 446 
Pipette, 144 
Placer mining, 846 
Plaster of Paris, 858 
Platinamines, 445 
Platinic acid, 442 
Platinous cbloride, 442 
Platinum, 441 

ammonia compounds, 444 

black. 441 

double cyanides, 442 

bydroxide, 442 

metals, 487 

sponge, 442 
Plucker tubes, 167 
Plucker-IIittoufp tubes, 867 
Pollux. 812 
Polonium. 418. 419 
Poly-acids, 407 
Polymer, 125, 487 
Porcelain. 402 
Potash, 811 

glass 861 
Potassium, 806 

amide, 171 

antimoniates, 224 

an rate, 848 

bicbromate. 414 

bromide, 308 

carbonates, 811 

car bony 1. 806 

cblorate, 10, 309 

cbloride, 307 

cobalti-cyanide, 435 

cobaltic nitrite, 436 

cyan ate, 246 

cyanide. 246, 309, 341, 345 

ferrate. 432 

ferricyanide, 434 

ferrocyanide, 433 



Potassium fluoride 808 

bydroxide, 807 
' imido-sulphonate, 189 

manganate, 422 

nitrate, 10, SIO 

nitrilo-sulpbonate, 169 

osmiate, 489 

oxides, 307 

percarbonate, 244 

perchlorate. 809 

permanganate, 10, 422, J^'S 

perrutbenate, 489 

pbospbates, 811 

rutbenate, 489 

silicate, 811 

silver cyanide, 842 i*^ 

sulpbates, 309 

sulpbides, 312 
Praseo-cobalt salts. 444 
Praseodymium, 406 
Precious (metals). 340, 846 
Preparing- salt, 267 
Priestley, 160, 178 
Primordial substance, 29, 291. 350 
Principle of tbe resistance of the reac- 
tion to tbe action, 156 
Proust, 29 
Prout, 291 

Prussian blue, 346, 434 
Prussiates, 432 
Prussiate of potasb, yellow, 246, 483 

red, 434 
Prussic acid, 246 
Puddling, 428 
Purple of Cassius, 849 
Purpureo-cobalt salts, 443 
Pyrargyrite, 338 
Pyrite, 122 
Pyrites, 424 
Pyrolusite, 420 
Pyropborus, 268 
Pyropbospboric acid, 207 
Pyrosulpliuric acid, 140 

Quartz, 256 
Quick-lime, 855 
Quicksilver, 874 

Radio-activity, 418 

Kadium, 418, 419 

Ramsay. 165, 166, 895 

Rare eartbs, 409 

Rayletgii, 165 

Reaction velocity, 16, 78, 158, 176 

Realgar, 211, 219 

Reduction. 17, 268 

Reefs, 845 

Refining, Electrolytic, 338, 340, 486 

Refractory material, 402 

Regnault, 276 
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Regulus, 888 

Heicher, 110 

Ketgkrs, 192, 212 

Reversible cells, 880 

Reversible reactions, 77, 884. See also 

Equilibrium 
Reversing layer, 869 
Rhodium, 489 
Hhodochrosite. 420 
Rock crystal, 258 
Rock salt, 294 
WOUZBBOOM. 440 
R5NTGBN rays, 448 
Rose, 397 
RosB'B metal, 226 
Roseo-cobalt salts, 448 
Rubidium, 812 
Ruby, 897, 399 
Runge. 868 
RustiDg, 891. 429 
Ruthenium. 488 
Rutile, 407 
Rtdbekg, 369 

Sal ammoniac, 816 

Saleratus, 805 

Sal mirabile Glauberi, 298 

Sal soda, 800 

Salterns, 296 

Salt cake, 300 

Salt, common, 296 

Saltpetre, 810 

Salts, 40 

acid, 127 

complex, 401 

double, 401. 446 

primary, secondary, and tertiary, 205 
Salt solutions, 318, 857 
Samarium. 406 
Sapphire, 897, 899 
Saunders, 147 
Scandium, 406 
SCHEELB. 84, 161, 190 
SciiEELB's green, 888 
Scbeelite, 417 
ScHLiPPB's salt, 225 
SchOnbbtn, 49 
Schweinfurtb g^reen, 218, 888 

SCHUTZENBERGER, 128 

Scientific investigation, 1 
Selenium, 146 

chlorine compounds of, 147 

dioxide, 147 
Selenic acid. 148 
Selenions acid, 148 
Selenio-cyanides, 149 
Semipermeable membranes, 56 
Senarmontite, 228 
Sensitive film, 848 

salts, 848 



Serpentine, 852 

Sesquioxide, 95 

Sbubert, 290 

Siderite, 424 

Sieicens cyanide process, 845 

process (steel), 428 
Silica, 252, 256 
Silicic acids, 256 
Silicides, 258 
Silicon, 252 

chlorides, 254 

in iron, 427 

nitride, 259 

sulphide, 259 

tetrafluoride, 254 
Silver, 888 

borate, 829 

bromide, 842 

chloride, 841 

cyanide, 246 

fiuoride, 342 

iodide, 842 

nitrate, 844 

nitrite, 844 

oxide. 341 

peroxide, 841 

plating, 841, 842 

suboxide, 841 

sulphate, 844 
Slag, 883 
Smalt, 435 
Smaltite, 434 
Smaragd, 851 
Smelting, 424 
Smitbsonite, 870 
Soapstone, 852 
Soda, 294. 300 

glass, 861 
Sddium, 294 

amide, 171, 172 

ammonium phosphate, 817 

arsenite, 195 

bicarbonate, 804, 305 

bichromate, 414 

borate. See Borax 

bromide, 298 

carbonate, 800 

chloride, 296 ^ 

hydroxide, 295 

iodide, 296 

nitrate, 299 

nitrite, 299 

nitroprusside, 484 

oxides, 295 

phosphates, 299 

silicate, 806 

sulphate, 298, 822, 824, 888 / 

sulphantimoniate, 225 

sulphides. 806 

sulphite, 195 
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Sodium salpliostannate, 267 

thiosulpbate, 144, 298, 844 
Soffioni, 896 

Soil, absorptive power, 259 
Solder, 262 
Solubility, 818 et seq, 

curyes, 818 ei seq, 

product, 116, 271, 296, 866, 861, 878, 
480, 437 
Solute, 821 
Solution, 5 

saturated, 5 

supersaturated, 824 

tension, 880 
electrolytic, 269 
SOLYAT soda process, 804 
Soot, 288 

Spark spectrum. 366 
Specific beat, 274, 871 
Spectral analysis, 818, 365, 402, 403, 

405, 419 
Spectroscope, 866 
Spectrum, 866 

continuous, 248, 865 

line, 249. 865 
Spelter, 872 
Spbalerite, 870 
Spiegeleisen, 427 
Spiritas fumans Libavii, 265 
Spitting of silver, 12, 340 
Sfrino, 21 
Stahl, 160 
Stannic acid, 266 

cbloride, 265 

oxide, 266 

sulpbide, 267 
Stannous cbloride, 263 

bydrate, 264 

oxide, 264 

sulpbide, 265 
Stab, 25, 26. 91, 286, 291, 840 
Statas nascens, 88. 53 
Stavsnhaoen, 417 
Steel, 427 
Stepbanite. 838 
Sterilization, 89 
Sterling silver, 841 
Stibine, 221 
Stibnite, 220 
Stotcbiometry, 32 
Storage battery, 888 
Strengtb of an acid or a base, 100 
Stromeyerite, 888 
Strontianite, 868 
Strontium, 868 

compounds, 868 
Sublimation, 6 
Substances (pbase rule), 108 
Sulpbamide, 188 
Sulpbo-anbydrides, 220 



Sulphomonoper-acid, 142 
Sulpbur, 102 
balogen compounds, 118 
in iron, 427 
oxygen acids, 121, 126 
springs, 112 
Sulpburic acid, 129 
cblorides of, 141 
fuminff, 126, 140 
anbydride, 121 
Sulpburous acid, 129 

formula of, 142 
. anbydride, 121 

oxide, 121 
Sulpburyl, 141 
cbloride, 141 
Summary of tbe alkali group, 314 
boron group, 404 
carbon group, 273 
cbromium group, 419 
copper group, 350 
nitrogen group, 228 
oxygen group, 149 
zinc group, 379 

group of tbe alkaline eartbs, 86S^ 
Superpbospbate, 859 
Sylvanite, 844 
Sylvite, 307, 408 

Talc, 852 

Tank waste, 301, 303 
Tantalum, 409 
Tartar emetic, 224 
Tellurio-cyanides, 149 
Tellurium, I48, 292 

acids of, 149 

dioxide, 148 
Tempering, 429 
Testing of gold and silver, 847 
Tetraboric acid, 396 
Tetradymite, 225 
Tballium, 287. 403 
Thknard, 53, 56, 294 
Thbnard's blue, 485 
Tbeory, 2 

of indicators, 331 
Tbermocbemistry,150. See also Endo- 

tbermic compounds 
Tbermodynamics, 108, 156, 157 
Thermoneutrality, law of, 3i'7, 377 
Tbionic acids, 148 
Tbiosulpburic acid. 127 
Thomas and Gilchrist process, 428 

slag, 428 
Thomsen, 150 
Tborite, 407 
Tliorium, 407 
Tin. 201 

butter, 265 

fluoride, 266 
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Tin foil, 261 

-moiree, 261 

phosphide, 267 

plate, 262 
Tinkal, 896 
Titanium, 406 
Titre, 144 
Toachneedles, 847 
Toachstone, 847 
Transition point, 106, 157, 217, 262, 

298, 316, 822, 877. 888 
Traube, 58 
Triads. 280 
Tridymite, 256 
Triple point. Ill 
Triphylite, 298 
Trithiocarfoonates, 245 
Tube condenser, 184 
Taffstone, 856 
Tungsten, 417 

steel, 417 
Twyers. 425 
Type metal, 221 

Ultramarine, 402 
Uniroolecular reactions, 79 
Univariant system. Wl 
Uraninite. 417. 418 
Uranium, 417 

Vacuum flask, 12, 165 
Valence, 119, 179 

maximum, 120 

of ions, 120 
Vanadinite, 408 
Vanadium, 408 
Van Bemmelen, 258 
Van der Stadt, 198. 209 
Van dew VVaals, 81 . 
Van Marum, 49, 194 
Van't Hoff, 57. 58, 59. 64, 195, 818 
Van't Hoff'8 principle of mobile 

equilibrium. 157, 318. 887 
Vapor density, method of Hofmann. 
47 

Victor Meter, 45, 72 

pressure curve, 61. 106, 110, 440 

tension, 106 
Varec, 72 

Vein mining, 345, 846 
Velocity constant, 79 

of reaction, 78. See also Catalysis 



Vermilion, 879 
Vitriol, blue, 887 

green, 481 

white, 878 
Vivianite, 190 
Vooel's spectroeoope. 866 
Volumetric analysis, 1^. 188, 829 

422,424 
Vulcanizing rubber, 118 

Wackbnrodkr'8 liquid, 144 
Washing (precipitates), 5 
Water. 18 

composition of. 28 

gas, 240 

glass, 256. 306, 811 

natural, 22, 860, 481 

physical properties of, 21 

purification of, 22, 251, 269 
Wavellite, 190 
Welding, 899 
Weldon process. 421 
Welbbach. Auer ton, 405, 406, 407 

incandescent gas light, 240. S48, 
865.407 
Werner, 444 
Whitney, 825 
Winkler, 260, 289 
Witherite, 864 
Wolframite, 467 
Wood's metal, 226 
WouLPF bottle, 19 
Wrought iron, 427 
Wulfenite, 268, 416 

Xantho-cobalt chloride, 444 
Xenon, 167, 292 

Ytterbium, 406 
Yttrium, 404 

Zinc, 870 

chloride, 872 

dust, 371 

hydroxide, 872 

oxide, 372 

sulphate, 878 

sulphide. 878 

white, 872 
Zircon. 407 
Zirconia, 407 
Zirconium, 407 
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Grotenfelt'B Principles of Modern Dairy Practice. (Woll.)..12mo, 2 00 
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Whipple's Microscopy of Drinking-water Svo, 3 50 

Wiechmann's Sugar Analysis Small Svo, 2 60 

" Lecture- notes on Theoretical Chemistry 12mo, 3 00 

Wilson's Cyanide Processes \ 12mo, 1 50 

" dklorination Process ". 12mo, 1 50 

WuUing's Elementary Course in Inorganic Pharmaceutical and 

Medical Chemistry 12ma, 2 00 

CIVIL ENGINEEBINa. 

BlUDOES Ain> ROOFS. HTDRAULICS. MATERIALS OF 

EKCmESRING. RAILWAY ENGIIfEERING. 

Baker's Engineers* Surveying Instruments 12mo, 3 00 

JBixby's Graphical Computing Table ... Paper, 19^x24^ inches. 25 

Davis's Elevation and Stadia Tables Svo, 1 00 

.Folwell's Sewerage. (Designing and Maintenance.) Svo, 3 00 

J'reitag'B Architectural Engineering. 2d Ed., Rewritten. . .Svo, 3 50 

Goodhue's Municipal Improvements 12mo, 1 75 

Goodrich's Economic Disposal of Towns' Refuse Svo, 3 50 

Gore's Elements of Geodesy Svo, 2 50 

Hayford's Text-book of Geodetic Astronomy Svo, 3 00 

Howe's Retaining-walls for Earth 12mo, 1 25 

Johnson's Theory and Practice of Surveying Small Svo, 4 00 

" Stadia and Earth- work Tabled Svo, 1 25 

Kiersted's Sewage Disposal 12mo, 1 25 

Mahan's Treatise on Civil Engineering. (1S73.) (Wood.) . .Svo, 6 00 

* Mahan's Descriptive Geometry Svo, 1 50 

Merriman's Elements of Precise Surveying and Geodesy. . . .Svo, 2 50 

Merriman and Brooks's Handbook for Surveyors 16mo, mor., 2 00 

Merriman's Elements of Sanitary Engineering Svo, 2 00 

Nugent's Plane Surveying Svo, 3 50 

Ogden's Sewer Design 12mo, 2 00 

Patton's Treatise on Civil f!ngineering Svo, half leather, 7 50 

Reed's Topographical Drawing and Sketching 4to, 5 00 

Rideal's Sewage and the Bacterial Purification of Sewage. . . Svo, 3 50 

Siebert and Biggin's Modern Stone-cutting and Masonry Svo, 1 50 

Smith's Manual of Topographical Drawing. (McMillan.) . .Svo, 2 50 

*Trautwine's Civil Engineer's Pocket-book 16mo, morocco, 5 00 

Wait's Engineering and Architectural Jurisprudence Svo, 6 00 

Sheep, 6 50 
" Law of Operations Preliminary to Construction in En- 
gineering and Architecture Svo, 6 (X) 

Sheep, 6 50 
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Wait's Law of Contracts 8vo, 3 00 

Warren's Stereotomy — Problems in Stone-cutting 8vo, 2 50 

Webb's Problems in the Use and Adjustment of Engineering 

Instruments 16m0j morocco, 1 25 

• Wheeler's Elementary Course of Civil Engineering 8vo, 4 00 

Wilson's Topographic Surveying 8vo, 3 50 

BBIDOES AND BOOFS. 

Boiler's Practical Treatise on the Construction of Iron Highway 

Bridges 8vo, 2 00 

* Boiler's ftames River Bridge 4to, paper, 5 00 

Burr's Course on the Stresses in Bridges and Roof Trusses, 

Arched Ribs, and Suspension Bridges 8vo, 3 50 

Du Bois's Mechanics of Engineering. Vol. II Small 4to, 10 00 

Foster's Treatise on Wooden Trestle Bridges 4to, 5 00 

Fowler's Ooflfer-dam Process for Piers 8vo, 2 50 

Greene's Roof Trusses 8vo, A 26^ 

" Bridge Trusses 8vo, ^ 50 

" Ai^ches in Wood, Iron, and Stone 8vo, 2 50 

Howe's Treatise on Arches 8vo, 4 00 

Johnson, Bryan and Tumeaure's Theory and Practice in the 

Designing of Modem Framed Structures Small 4tOy 10 00 

Merriman and Jacoby's Text-book on Roofs and Bridges: 

Part L— Stresses in Simple Trusses Svo, 2 50 

Part II.-Graphic Statics 8vo, 2 00 

Part III.—Bridge Design. Fourth Ed., Rewritten 8vo, 2 50 

Part IV.— Higher Structures 8vo, 2 60 

Morisen's Memphis Bridge 4to, 10 00 

Waddell's De Pontibus, a Pocket Book for Bridge Engineers. 

16mo, mor., 3 00 

" Specifications for Steel Bridges 12mo, 1 25 

Wood's Treatise on the Theory of the Construction of Bridges 

and Roofs 8vo, 2 00 

Wright's Designing of Draw-spans: 

Part I.— Plate-girder Draws 8vo, 2 50 

Part n. — ^Riveted-tniss and Pin-connected Long-span Draws. 

8vo, 2 60 

Two parts in one volume 8vo, 3 60 



HYDBATJUCS. 

Basin's Experiments upon the Contraction of the Liquid Vein 

Issuing from an Orifice. (Trautwine.) 8vo, 2 00 

Bovey's Treatise on Hydraulics 8vo, 5 00 

Church's Mechanics of Engineering 8vo, 6 00 

Coffin's Graphical Solution of Hydraulic Problems. .16mo, mor., 2 60 

Flather's ^^namometers, and the Measurement of Power. 12mo, 3 00 

Folwell's Water-supply Engineering 8vo, 4 00 

Frizell's Water-power 8vo, 6 00 

Fuertes's Water and Public Health 12mo, 1 50 

*• Water-filtration Works 12mo, 2 60 

Ganguillet and Kutter's General Formula for the Uniform 
Flow of Water in Rivers and Other Channels. (Her- 

ing and Trautwine.) 8vo, 4 00 

Hazen's Filtration of Public Water-supply 8vo, 3 00 

Hazlehurst's Towers and Tanks for Water-works 8vo, 2 60 
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Herschers 115 Experiments on the Carrying Capacity of Large, 

Riveted, Metal Conduits 8vo, 2 00 

Mason's Water-supply. (Considered Principally from a Sani- 
tary Standpoint.) 8vo, 6 00 

Merriman's Treatise on Hydraulics 8vo, 4 00 

* Michie's Elements of Analytical Mechanics Svo, 4 00 

Schuyler's Reservoirs fpr Irrigation, Water-power, and Domestic 

Water-supply Large 8vo, 6 00 

Turneaure and Russell. Public Water-supplies 8vo, 6 00 

Wegmann's Design and Construction of Dams 4to, 5 00 

" Water-supply of the City of New York from 1668 to 

1895 4to, 10 00 

Weisbach's Hydraulics and Hydraulic Motors. (Du Bois.) . .8vo, 6 00 

Wilson's Manual of Irrigation Engineering Small 8vo, 4 00 

Wolff's Windmill as a Prime Mover 8vo, 3 00 

Wood's Turbines 8vo, 2 60 

** Elements of Analytical Mechanics 8vo, 3 00 

^ MATESIALS OF ENGINEERING. 

Baker's Treatise on Masonry Construction T 8vo, 6 00 

Black's United States Public Works Oblong 4to, 6 00 

Bovey's Strength of Materials and Theory of Structures 8vo, 7 60 

Burr's Elasticity and Resistance of the Materials of Engineer- 
ing ,. .8vo, 6 00 

Byrne's Highway Construction 8vo, 6 00 

*^ Inspection of the Materials and Workmanship Em- 
ployed in Construction 16mo, 3 00 

Church's Mechanics of Engineering 8vo, 6 00 

Du Bois's Mechanics of Engineering. Vol. I Small 4to, 7 50 

Johnson's Materials of Construction Large 8vo, 6 00 

Keep's Cast Iron 8vo, 2 60 

Lanza's Applied Mechanics 8 vo, 7 50 

Martens's Handbook on Testing Materials. (Henning.).2 v., 8yo, 7 50 

Merrill's Stones for Building and Decoration 8vo, 6 00 

Merriman's Text-book on the Mechanics of Materials 8vo, 4 00 

Merriman's Strength of Materials 12mo, 1 00 

Metcalf s Steel. A Manual for Steel-users 12mo, 2 00 

Patton's Practical Treatise on Foundations 8vo, 5 00 

Rockwell's Roads and Pavements in France 12mo, 1 26 

Smith's Wire: Its Use and Manufacture Small 4to, 3 00 

Snow's Properties Characterizing Economically Important 
Species of Wood. (In preparation.) 

Spalding's Hydraulic Cement 12mo, 2 00 

*' Text-book on Roads and Pavements 12mo, 2 00 

Thurston's Materials of Engineering 3 Parts, 8vo, 8 00 

Part I. — ^Non-metallic ^Materials of Engineering and Metal- 
lurgy 8vo, 2 00 

Part IL— Iron and Steel 8voj 3 60 

Part m. — ^A Treatise on Brasses, Bronzes and Other Alloys 

and Their Constituents 8vo, 2 50 

Thurston's Text-book of the Materials of Construction 8vo, 5 00 

Tillson's Street Pavements and Paving Materials 8vo, 4 00 

Waddell's De Pom ti bus. (A Pocket-book for Bridge Engineers.) 

16mo, morocco, 3 00 

" Specifications for Steel Bridges 12mo, 1 25 

Wood's Treatise on the Resistance of Materials, and an Ap- 
pendix on the Preservation of Timber 8vo, 2 00 

" Elements of Analytical Mechanics 8vo, 3 OO 
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RAILWAY ENOINEEBINO. 

Andrews's Handbook for Street Railway Engineers. {In preparation.) 

Berg's Buildings and Structures of American Railroads ... 4to, 5 00 

Brooks's Handbook of Street Railroad Location.. 16mo, morocco, 1 50 

Butts's Giyil Engineer's Field-book 16mo, morocco, 2 50 

Crandairs Transition Curve 16mo, morocco, 1 50 

" Railway and Other Earthwork Tables 8vo, 1 60 

Dawson's Electric Railways and Tramways. Small 4to, half mor., 12 50 
** "Engineering" and Electric Traction Pocket-book. 

16mo, morocco, 4 00 

Dredge's History of the Pennsylvania Railroad: (1879.) .Paper, 5 00 

* Drmker's Tunneling, Explosive Compounds, and Rock DnlU. 

4to, half morocco, 25 00 

Fisher's Table of Cubic Yards Cardboard, 25 

Godwin's Railroad Engineers' Field-book and ESxpIorers' Guide. 

lomo, morocco, 2 50 

Howard's Transition Curve Field-book 16mo, morocco, 1 50 

Hudson's Tables for Calculating the Cubic Contents of Exca- % 

vations and Embankments 8vo, 1 00 

Nagle's Field Manual for Railroad Engineers. . . . 16mo, morocco, 3 00 

Fhubrick's Field Manual for Engineers 16mo, morocco, 3 00 

Pratt and Alden's Street-railway Road-bed 8vo, 2 00 

Searles's Field Engineering 16mo, morocco, 3 00 

" Railroad Spiral 16mo, morocco, 1 50 

Taylor's Prismoidal Formulss and Earthwork 8vo, 1 50 

* Trautwine's Method of Calculating the Cubio Contents of Ex- 

cavations and Embankments by the Aid of Dia- 
grams 8vo, 2 00 

• " The Field Practice of Laying Out Circular Curves 

for Railroads 12mo, morocco, 2 50 

• *' Cross-section Sheet Paper, 25 

Webb's Railroad Construction 8vo, 4 00 

Wellington's Economic Theory of the Location of Railways. . 

Small 8vo, 5 00 



DKAWING. 

Barr's Kinematics of Machinery 8vo, 2 50 

• Bartlett's Mechanical Drawing 8vo, 3 00 

Durley's Elementary Text-book of the Kinematics of Machines. 

{In preparation.) 

Hill's Text-book on Shades and Shadows, and Perspective. . 8vo, 2 00 
Jones's Machine Design: 

Part I. — Kinematics of Machinery 8vo, 1 50 

Part n. — ^Form, Strength and Proportions of Parts 8vo, 3 00 

MacCdrd's Elements of Descriptive Geometry 8vo, 8 00 

" Kinematics; or. Practical Mechanism 8vo, 5 00 

" Mechanical Drawing 4to, 4 00 

" Velocity Diagrams 8vo, 150 

• Mahan's Descriptive Geometry and Stone-cutting 8vo, 1 60 

Mahan's Industrial Drawing. (Thompson.) 8vo, 3 50 

Reed's Topographical Drawing and Sketching 4to, 5 00 

Reid's Course in Mechanical Drawing 8vo, 2 00 

" Text-book of Mechanical Drawing and Elementary Ma- 
chine Design 8vo, 3 00 

Robinson's Principles of Mechanism 8vo, 3 00 
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Bmith'B Manual of Topographical Drawing. (McMillan.) .8vo, 2 60 
Warren's Elements of Plane and Solid Free-hand Geometrical 

Drawing 12mo, 1 00 

" Drafting Inatrumenta and Operations 12mo, 1 25 

" Manual of Elementary Projection Drawing. ...12mo, 1 60 
** Manual of Elementary Problems in the Linear Per- 
spective of Form and Shadow 12mo, 1 00 

** Plane Problems in Elementary Geometry 12mo, 1 26 

•* Primary Geometry 12mo, 75 

" Elements of Descriptive Geometry, Shadows, and Per- 
spective 8vo, 3 '50 

" General Problems of Shades and Shadows Sro, 3 00 

" Elements of Machine Construction and Drawing. .8vo, 7 50 
" Problems, Theorems, and Examples in Descriptive 

Geometry Svo, 2 50 

Weisbach's Kinematics and the Power of Transmission. (Herr- 
mann and Klein.) 8vo, 6 00 

Whelpley's Practical Instruction in the Art of Letter En- 
graving 12mo, 2 00 

Wilsoirs Topographic Surveying 8vo, 3 60 

Wilson's Free-hand Perspective 8vo, 2 50 

Woolfs Elementary Course in Descriptive Geometry. .Large 8vo, 3 00 



ELECTSICITY AND PHYSICS. 

Anthony and Brackett's Text-book of Physics. (Magie.) 

Small 8vo, 3 00 
Anthony's Lecture-notes on the Theory of Electrical Measur- 

ments 12mo, 1 

Benjamin's History of Electricity 8vo, 3 

Benjamin's Voltaic Cell 8vo, 3 00 

CUtMen's Qantitative Chemical Analysis by Electrolysis. Her- 

rick and Boltwood.) 8vo, 3 00 

Crehore and Squier's Polarizing Photo-chronograph 8vo, 3 00 

Dawson's Electric Railways and Tramways..SmaD 4to, half mor., 12 60 
Dawson's "Engineering" and Electric Traction Pocket-book. 

16mo, morocco, 4 00 

Flather's Dynamometers, and the Measurement of Power. . 12mo, 3 00 

Cfflbert's De Magnete. (Mottelay.) 8vo, 2 50 

Holman's Precision of Measurements 8vo, 2 00 

*' Telescopic Mirror-scale Method, Adjustments, and 

Tests Large 8vo, 76 

Landauer's Spectrum Analysis. (Tingle.) 8vo, 3 00 

Le Chatelier's High-temperature Measurements. (Boudouard — 

Burgess.) 12mo, 3 00 

LOb's Electrolysis and Electrosynthesis of Organic Compounds. 

(Lorenz.) 12mo, 1 00 

Lyons's Treatise on Electromagnetic Phenomena 8vo, 6 00 

*Michie. Elements of Wave Motion Relating to Sound and 

Light 8vo, 4 00 

Niaudet's Elementary Treatise on Electric Batteries (Fish- 
back.) 12mo, 2 50 

*Panihalland Hobart's Electric G6neratorB..8maIl 4to,half mor., 10 00 
Ryan, Norris, and Hoxie's Electrical Machinery. {In preparation.) 

Thurston's Stationary Steam-engines 8vo, 2 50 

* TOlman. Elementary Lessons in Heat 8vo, 1 50 

Tory and Pitcher. Manual of Laboratory Physics. .Small 8vo, 2 00 
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LAW. 

* Davis. Elements of Law 8vo, 2 50 

* " Treatise on the Military Law of United States. .8vo, 7 00 

Sheep, 7 50 

Manual for Courts-martial lOmo, morocco, 1 60 

Wait's Engineering and Architectural Jurisprudence 8vo, 6 00 

Sheep, 6 50 
" Law of Operations Preliminary to Construction in En- 
gineering and Architecture 8vo, 6 00 

Sheep, 5 50 

" Law of Contractsr 8vo, 3 00 

Winthrop's Abridgment of Military Law 12mo, 2 5i 

MANXTFACTUEES. 

Beaumont's Woollen and Worsted Cloth Manufacture 12mo, 1 60 

Bemadou's Smokeless Powder — Nitro-cellulose and Theory of 

the Cellulose Molecule i2mo, 2 60 

BoUand's Iron Founder 12mo, cloth, 2 60 

" " The Iron Founder " Supplement 12mo, 2 60 

" Encyclopedia of Founding and Dictionary of Foundry 

Terms Used in the Practice of Moulding. .. .12mo, 3 00 

Eissler's Modem High Explosives 8vo, 4 00 

Effront's Enzymes and their Applications. (Prescott.).. .8vo, 3 00 

Fit«gerald*8 Boston Machinist 18mo, 1 00 

Ford's Boiler Making for Boiler Makers 18mo, 1 00 

Hopkins's Oil-chemists' Handbook 8vo, 3 00 

Keep's Cast Iron 8vo 2 60 

Leach's The Inspection and Analysis of Food with Special 
Reference to State Control. {In preparation.) 

Metcalf's Steel. A Manual for Steel-users 12mo, 2 00 

Metcalfs Cost of Manufactures — ^And the Administration of 

Workshops, Public and Private 8vo, 6 00 

Meyer's Modem Locomotive Construction 4to, 10 00 

♦ Reisig's Guide to Piece-dyeing 8vo, 25 00 

Smith's Press-working of Metfids 8vo, 3 00 

** Wire: Its Use and Manufacture Small 4to, '3 00 

Spalding's Hydraulic Cement 12mo, 2 00 

Spencer's Handbook for Chemists of Beet-sugar Houses. 

16mo, morocco, 3 00 
" Handbook for Sugar Manufacturers and their Chem- 
ists I6mo, morocco, 2 00 

Thurston's Manual of Steam-boilers, their Designs, Construc- 
tion and Operation 8vo, 5 00 

Walke's Lectures on Explosives 8vo, 4 00 

West's American Foundry Practice 12mo, 2 SO 

" Moulder's Text-book 12nio, 2 60 

Wiechmann's Sugar Analysis Small 8vo, 2 60 

Wolflf's Windmill as a Prime Mover 8vo, 3 00 

Woodbury's Fire Protection of Mills 8vo, 2 60 

HATHEHATIGS. 

Baker's Elliptic Functions 8vo, 1 60 

* Bass's Elements of Differential Calculus 12mo, 4 00 

Briggs's Elements of Plane Analytic Geometry 12mo, 1 00 
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Oiapman's Elementary Course in Theory of Equations. . .12mo, 1 60 

Compton'B Manual of Logarithmic Computations 12mo, 1 50 

Davis's Introduction to the Logic of Algebra Svo, 1 90 

De Laplace's Philosophical Essay on Probabilities. (Truscott 
and Emory.) {In preparation.) 

'Dickson's College Algebra Large 12mo, 1 60 

Halsted's Elements of Geometry 8vo, 1 76 

" Elementary Synthetic Geometry 8vo, 1 50 

•Johnson's Three-place Logarithmic Tables: Vest-pocket size, 

pap., 15 

100 copies for 5 00 

* Mounted on heavy cardboard, 8 X 10 inches, 25 

10 copies for 2 00 
" Elementary Treatise on the Integral Calculus. 

Small 8vo, 1 60 

" Curve Tracing in Cartesian Co-ordinates 12mo, 1 00 

" Treatise on Ordinary and Partial Differential 

Equations Small 8vo, 3 50 

*' Theory of Errors and the Method of Least 

Squares 12mo, 1 50 

* " Theoretical Mechanics ,,. 12mo, 3 00 

* Ludlow and Baas. Elements of Trigonometry and Logarith- 

mic and Other Tables 8vo, 3 00 

" Trigonometry. Tables published separately. .Each, 2 00 

Merriman and Woodward. Higher Mathematics Svo, 5 00 

Merriman's Method of Least Squares Svo, 2 00 

Rice and Johnson's Elementary Treatise on the Differential 

Calculus Small Svo, 3 00 

" Differential and Integral Calculus. 2 vols. 

in one Small Svo, 2 60 

Wood's Elements of Oo-ordinate Geometry Svo, 2 00 

" Trigometry: Analytical, Plane, and Spherical 12mo, 1 00 



HECHAinCAL ENOINEEBINO. 

MATERIALS OF ENGHfEERING, STEAM ENGINES 
AND BOILERS. 

Baldwin's Steam Heating for Buildings 12mo, 2 60 

Barr's Kinematics of Machinery Svo, 2 60 

• Bartlett's Mechanical Drawing Svo, 3 00 

Benjamin's Wrinkles and Recipes 12mo, 2 00 

Carpenter's ESxperimental Engineering Svo, 6 00 

" Heating and Ventilating Buildings Svo, 3 00 

aerk's Gas and Oil Engine Small Svo, 4 00 

Cromwell's Treatise on Toothed Gearing 12mo, 1 60 

" Treatise on Belts and Pulleys 12mo, 1 60 

Durley's Elementary Text-book of the Kinematics of Machines. 

{In preparation,) 

Flather's Dynamometers, and the Measurement of Power . . 12mo, 3 00 

" Rope Driving 12mo, 2 00 

Gill's Gas an Fuel Analysis for Engineers 12mo, 1 25 

Hall's Car Lubrication 12mo, 1 00 

Jones's Machine Design: 

Part I. — Kinematics of Machinery Svo, 1 60 

Part II. — ^Form, Strength and Proportions of Parts Svo, 3 00 

Kent's Mechanical Engineers' Pocket-book 16mo, morocco, 5 00 

Kerr's Power and Power Transmission Svo, 2 00 

11 



Digitized by VjOOQ IC 



MacCord'8 Kinematics; or. Practical Mechanism 8vo, 6 00 

* Mechanical Drawing 4to, 4 00 

" Velocity DiammB 8vo, 1 60 

Mahan'B Industrial Drawing. (Thompson.) 8to, 3 60 

Poole's Oilorifio Power of Fuels 8vo, 3 00 

Raid's Ck>ur8e in Mechanical Drawing. 8vo, 2 00 

** Text-book of Mechanical Drawing and Elementary 

Machine Desisn 8yo, 3 00 

Bichardsi'8 Compressed Air 12mo, 1 60 

Robinson's Principles of Mechanism 8vo, 3 00 

Smith's Press-working of Metals 8yo, 3 00 

Thurston's Treatise on Friction and Lost Work in Machin- 
ery and Mill Work 8vo, 3 00 

'' Animal as a Machine and Prime Motor and the 

Laws of E^nergetics 12mo, 1 00 

Warren's Elements of Machine Construction and Drawing. .8vo, 7 60 
Weisbaeh's Kinematics and the Power of Transmission. (Herr- 
mann—Klein.) 8vo, 6 00 

" Machinery of Transmission and Govemors. (Herr- 
mann—Klein.) 8vo, 5 00 

" Hydraulics and Hydraulic Motors. (Du Bois.) .8vo, 6 00 

Wolflfs Windmill as a Prime Mover 8vo, 3 00 

Wood's Turbines 8yo, 2 60 

MATEBIALS OF ENGINEEBINa. 

Bovey's Strenp^h of Materials and Theory of Structures. .8 vo, 7 60 
Burr's Elasticity and Resistance of the Materials of Engineer- 
ing 8vo, 6 00 

Church's Mechanics of Engineering 8vo, 00 

Johnson's Materials of Construction Laige 8vo, 00 

Keep's Cast Iron 8vo, 2 50 

Lanza's Applied Mechanics 8vo, 7 60 

Martens's Handbook on Testing Materials. (Henning-) 8to, 7 60 

Merrimaji'si Text-book on the Mechanics of Materials... .8yo, 4 00 

** Strength of Materials 12mo, 1 00 

Metcalfs Steel. A Manual for Steel-users 12mo, 2 00 

Smith's Wire: Its Use and Manufacture Small 4to, 3 00 

Thurston's Materials of Engineering 3 vols., Svo, 8 00 

Part II-— Iron and Steel 8vo, 3 60 

Part in. — ^A Treatise on Brasses, Bronzes and Other Alloys 

and their Constituents 8vo, 2 50 

Thurston's Text-book of the Materials of Construction 8vo, 6 00 

Wood's Treatise on the Resistance of Materials and an Ap- 
pendix on the Preservation of Timber 8vo, 2 00 

** Elements of Analytical Mechanics 8vo, 3 00 

STEAH ENGINES AND BOUEBS. 

Camot's Reflections on the Motive Power of Heat. (Thurston.) 

12mo, 1 60 
Dawson's " EIngineering " and Electric Traction Pocket-book. 

16mo, morocco, 4 00 

Ford's Boiler Making for Boiler Makers 18mo, 1 00 

Goss's Looomotive Sparks 8vo, 2 00 

Hemenway's Indicator Practice and Steam-engine Economy. 

12mo, 2 00 

Hutton's Mechanical Engineering of Power Plants 8vo, 6 00 

" Heat and Heat-engines 8vo, 6 00 
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Kent's Steam-boiler Economy 8to, 4 00 

Kneass'B Practice and Theory of the Injector Svo, 1 50 

MacCord's Slide-valves 8vo, 2 00 

Meyer's Modem Locomotive Construction 4to, 10 00 

Peabody's Manual of the Steam-engine Indicator 12mo, 1 50 

*' Tables of the Properties of Saturated Steam and 

Other Vapors 8vo, 1 00 

" Thermodynamics of the Steam-engine and Other 

Heat-engines Svo, 5 00 

" Valve-ffears for Steam-engines 8vo, 2 50 

Peabody and Miller. Steam-boilers 8vo, 4 00 

Pray's Twenty Tears with the Indicator Large 8vo, 2 50 

Pupin's Thermodynamics of Reversible Cycles in Qases and 

Saturated Vapors. (Osterberg.) 12mo, 1 25 

Reagan's Locomotive Mechanism and Bagineering 12mo, 2 90 

Rontgen's Principles of Thermodynamics. (Du Bois.). .. .8vo, 5 00 

Sinclair's Locomotive Engine Running and Management. . 12mo, 2 00 

Smart's Handbook of Engineering Laboratory Iaiictice..l2mo, 2 50 

Snow's Steam-boiler Practice 8vo, 8 00 

Spanffler's Valve-gears 8vo, 2 50 

" Notes on Thermodynamics. . . ^ 12mo, 1 00 

Thurston's Handy Tables 8vo, 1 50 

" Manual of the Steam-engine 2 vols., 8vo, 10 00 

Part I. — ^History, Structure, and Theory * 8vo, 6 00 

Part II. — ^Desisn, Construction, and Operation 8vo, 6 00 

Thurston's Handbook of Engine and Boiler Trials, and the Use 

of the Indicator and the Prony Brake 8vo, 5 00 

" Stationarv Steam-engines 8vo, 2 50 

" Steam-boiler Explosions in Theory and in Prac- 
tice 12mo, 1 50 

" Manual of Steam-boilers, Their Designs, Construc- 
tion, and Operation 8vo, 5 00 

Weisbach's Heat, Steam, and Steam-engines. (Du Boi8.)..8vo, 6 00 

Whitham's Steam-engine Design 8vo, 5 00 

Wilson's Treatise on Steam-boilers. (Flather.) 16mo, 2 50 

Wood's Thermodynamics, Heat Motors, and Refrigerating 

Machines 8vo, 4 00 

HECHASICS AND MACHINEBT. 

Barr's Kinematics of Machinery 8vo, 2 50 

Bovey's Strength of Materials and Theory of Structures. .8vo, 7 50 

Chordal.-— Extracts from Letters 12mo, 2 00 

Church's Mechanics of Engineering 8vo, 6 00 

" Notes and Examples in Mechanics 8vo, 2 00 

Compton's First Lessons in Metal- working ■. . 12mo, 1 50 

Compton and De Groodt The Rpred Lathe 12mo, 1 60 

Cromwell's Treatise on Toothed Gearing 12mo, 1 50 

" Treatise on Belts and Pulleys 12mo, 1 50 

Dana's Text-book of Elementary Mechanics for the Use of 

Colleges and Schools 12mo, 1 50 

Dinirey's Machinenr Pattern Making 12mo, 2 00 

Dredge's Record of the Transportation Exhibits Building of the 

World's Columbian Exposition of 1803 4to, half mor., 5 00 

Du Bois's Elementary Principles of Mechanics: 

VoL I.-— Kinematics 8vo, 8 50 

Vol. XL— Statics 8vo, 4 00 

Vol. in.— Kinetics 8vo, 3 50 
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Du Bois's Mechanics of Engineering. Vol. 1 Small 4to, 7 50 

Vol.II Small 4to, 10 00 

Durley'B Elementary Text-book of the KinematicB of Machines. 

{In preparation.) 

Fitzgerald's Boston Machinist 16mo, 1 00 

Flati^er's Dynamometers, and the Measurement of Power. 12mo, 3 00 

*' Rope Driving 12mo, 2 00 

Goss's Locomotive Sparks 8vo, 2 00 

Hairs Car Lubrication 12mo, 1 00 

Holly's Art of Saw Filing 18mo, 75 

* Johnson's Theoretical Mechanics 12liio, 3 00 

Johnson's Short Course in Statics by Graphic and Algebraic 

Methods. {In preparation.) 
Jones's Machine Design: 

Part I — ^Kinematics of Machinerv 8vo, 1 50 

Part n. — ^Form, Strength and Proportions of Parts 8vo, 3 00 

Kerr's Power and Power Transmission 8vo, 2 00 

Lanza's Applied Mechanics 8vo, 7 50 

MacCord's Kinematics; or, Practical Mechanism Svo, 5 00 

** Velocity Diagrams 8vo, 1 50 

Merriman's Text-book on the Mechanics of Materials 8vo, 4 00 

* Michie's Elements of Analytical Mechanics 8vo, 4 00 

Reagan's Locomotive Mechanism and Engineering 12mo, 2 00 

Reid's Ckmrse in Mechanical Drawing 8vo, 2 00 

" Text-book of Mechanical lowing and fflementary 

Machine Design 8vo, 3 00 

Richards's Compressed Air 12mo, 1 50 

Robinson's Principles of Mechanism 8vo, 3 00 

Ryan, Norris, and Hoxie's Electrical Machinery. {In preparation,) 

Sinclair's Locomotive-engine Running and Management. . 12mo, 2 00 

Smith's Press-working of Metals Svo, 8 00 

Thurston's Treatise on Friction and Lost Work in Machin- 
ery and Mill Work 8vo, 3 00 

" Animal as a Machine and Prime Motor, and the 

Laws of Energetics 12mo» 1 00 

Warren's Elements of Machine Construction and Drawing. .8vo, 7 50 
Weisbach's Kinematics and the Power of Transmission. 

(Hemnan— Klein.) 8vo, 6 00 

" Machinery of Transmission and (Governors. (Herr- 

(man— Klein.) 8vo, 5 00 

Wood's Elements of Analytical Mechanics 8vo, 3 00 

" Principles of Elementary Mechanics 12mo, 1 25 

« Turbines 8vo, 2 60 

The World's Columbian Exposition of 1893 4to, 1 00 

METAUTTEGT. 

E^leston's' Metallurgy of Silver, Gold^and Mercury: 

Vol. L— SUver 8vo, 7 60 

Vol. II.--Gold and Mercury 8vo, 7 60 

Keep's Cast Iron 8vo, 2 60 

Kunhardt's Practice of Ore Dressing in Lurope 8vo, 1 50 

Le Chatelier's High- temperature Measurements. (Boudouard — 

Burgess.) 12mo, 8 00 

Metcalf s Steel. A Manual for Steel-users 12mo, 2 00 

Thurston's Materials of Engineering. In Three Parts 8vo, 8 00 

Part n.— Iron and Steel. 8vo, 3 60 

Part in. — ^A Treatise on Brasses, Bronzes and Other Alloys 

and Their Constituents 8yo, 2 60 
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HUrESALOOY. 

Burringer's Description of Minerals of Commercial Value. 

Oblong, morocco, 2 60 

Boyd's Resources of Southwest Virginia 8to, 3 00 

^ Map of Southwest Virginia Pocket-book form, 2 00 

, Brush's Manual of Determinatiye Mineralogy. (Penfleld.).8vo, 4 00 

Chester's Catalogue of Minerals 8yo, paper, 1 00 

Cloth, 1 25 

** Dictionary of the Names of Minerals 8to, 3 50 

Dana's System of Mbiendogy Large Svo, half leather, 12 50 

** ^rst Appendix to Deina's New " System of Mineralogy." 

Large 8vo, 1 00 

•• Text-book of Mineralogy Svo, 4 00 

" Minerals and How to Study Them 12mo, 1 60 

" Catalogue of American Localities of Minerals. Large 8vo, 1 00 

** Manuid of Mineralogy and Petrography 12mo, 2 00 

E^leston's Catalogue of Minerals and Synonyms 8vo, 2 50 

Hussak's The Determination of Rock-forming Minerals. 

(Smith.) Small 8vo, 2 00 

• Penfield's Notes on Determinative Mineralogy and Record of 

Mineral Tests 8vo, paper, 60 

Bosenbusch's Microscopical Physiography of the Rock-making 

Minerals. (Idding's.) 8vo, 5 00 

* Tillman's Text-book of Lnportant Minerals and Rocks. .8vo, 2 00 
Williams's Manual of Litholcgy 8vo, 3 00 



IQNINO. 

Beard's Ventilation of Mines 12mo, 2 50 

Boyd's Resources of Southwest Virginia 8vo, 3 00 

** Map of Southwest Virginia Pocket-book form, 2 00 

* Drinker's Tunneling, Explosive Compounds, and Rock 

Drills 4to, half morocco, 25 00 

Eissler's Modem High Explosives 8vo, 4 00 

Qoodyear's Coal-mines of the Western Coast of the United 

States 12mo, 2 50 

Ihlseng's Manual of Mining. Svo, 4 00 

Kunhtfdfs Practice of Ore I>res8ing in Europe Svo, 1 50 

CDriscoU's Notes on the Treatment of Gold Ores Svo, 2 00 

Sawyer's Occidents in Mines Svo, 7 00 

Walke's Lectures on Explosives Svo, 4 00 

Wilson's Cyanide Processes 12mo, 1 50 

Wilson's Clilorination Process 12mo, 1 50 

Wibon's Hydraulic and Placer Mining 12mo, 2 00 

Wilson's Treatise on Praotfcal and Theoretical Mine Ventila- 
tion <".... 12mo, 1 25 



SANITARY SCIENCE. 

Fol well's Sewerage. (Designing, Construction and Maintenance.) 

Svo, 3 00 

" Water-supply Engineering Svo, 4 00 

Fuertes's Water and Public Health 12mo, 1 60 

" Water-filtration Works 12mo, 2 50 
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Gerhard's Guide to Sanitary HouBe-inspection 16mo, 1 00 

Goodrich's Bconomical Diapoflal of Towns' Refuse. ..Demy Sro, 8 60 

Hacen's Filtration of Public Water-supplies 8to, 3 00 

Kiersted's Sewage Disposal 12mo, 1 25 

Leach's The Inspection and Analysis of Food with Special 

Reference to State Control. (In preparation.) 
Mason's Water-supply. (Considered Principally from a San- 
itary Standpoint. 3d Edition, Rewritten 8vo, 4 00 

" Examination of Water. (Chemical and Bacterio- 

lyrical.) 12mo, 1 25 

Merriman's Mements of Sanitary Engineering 8vo, 2 00 

Nichols's Water-supply. (Considered Mainly from a Chemical 

and SaniUry SUndpoint.) (1883.) Svo, 2 60 

Offden's Sewer Design 12mo, 2 00 

* Price's Handbook on Sanitation 12mo, 1 50 

Richards's Cost of Food. A Study in Dietaries 12mo, 1 00 

Richards and Woodman's Air, Water, and Food from a Sani- 
tary Standpoint 8vo, 2 00 

Richards's Cost of JLiving as Modified by Sanitary Science. 12mo, 1 00 

* Richards and Williams^s The Dietary Computer 8vo, 1 50 

Rideal's Sewage and Bacterial Purification of Sewage 8yo, 3 60 

Tumeaure and Russell's Public Water-supplies 8vo, 5 00 

Whipple's Microscopy of Drinking-water 8vo, 3 60 

WoodhuU's Notes on Military Hygiene 16mo, 1 60 



HISCELLANEOirS. 

Barker's Deep-sea Soundings 8vo, 2 00 

Emmons's Geological Guide-book of the Rocky Mountain Ex- 
cursion of the International Congress of Geologists. 

Large 8vo, 1 60 

Ferrel's Popular Treatise on the Winds Svo, 4 00 

Haines's American Railway Management 12mo, 2 60 

Mott's Composition, Digestibility, and Nutritive Value of Food. 

Mounted chart, 1 26 

'' Fallacy of the Present Theory of Sound 16mo, 1 00 

Ricketts's History of Rensselaer Polytechnic Institute, 1824- 

1894 Small Svo, 3 00 

Rotherham's Emphasised New Testament Large 8vo, 2 00 

** Critical Emphasised New Testament 12mo, 1 60 

Steel's Treatise on the Diseases of the Dog Svo, 3 60 

Totten's Important Question in Metrology Svo, 2 60 

The World's Columbian Exposition of 1893 4to, 1 00 

Worcester and Atkinson. Small Hospitals, Establishment and 
Maintenance, and Suggestions for Hospital Architecture, 

with Plans for a Small Hospital 12mo, 1 25 



HEBEEW AND CHALDEE TEXT-BOOKS. 

Green's Grammar of the Hebrew Language Svo, 3 00 

^ Elementary Hebrew Grammar 12mo, 1 26 

" Hebrew Chrestomathy Svo, 2 00 

Gesenius's Hebrew and Chaldee Lexicon to the Old Testament 

Scriptures. (Tregelles.) Small 4to, half morocco, 5 00 

Letteris's Hebrew Bible Svo, 2 25 
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